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Disclaimer 
 The contents of this report reflect the views of the authors who are responsible for the 

facts and the accuracy of the data presented herein.  The contents do not necessarily reflect the 

official views or policies of the STATE OF CALIFORNIA or the FEDERAL HIGHWAY 

ADMINISTRATION.  This report does not constitute a standard, specification, or regulation. 
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details are included in the implementation section following the report conclusions and in the list 
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Executive Summary 

 Standard methods for the establishment and management of native perennial grasses in 

erosion control and revegetation projects are needed and continue to be developed.  We 

conducted a series of experiments to test a number of seeding, soil preparation, fertilization, 

mulching and management methods in order to determine which led to the best performance of 

perennial grasses.  The experiment reported in Chapter 1 was conducted in the Sacramento 

Valley of California and tested the effects of soil decompaction to 76 cm and three seeding 

methods (broadcast, drill and hydroseed with 25% more seed than other methods) on the 

establishment and growth of four perennial grasses native to California (Elymus glaucus, 

Hordeum brachyantherum ssp. brachyantherum, Hordeum brachyantherum ssp. 

californicum and Nassella pulchra).  Soil decompaction generally benefited the perennial 

grasses.  Perennial grass seedling densities were greater in decompacted soil in the second year 

after seeding.  Perennial grass cover was also greater in decompacted treatments, while weed 

cover was unaffected.  In soils that were not decompacted, drill and broadcast seeding 

generally resulted in better performance of perennial grasses than hydroseeding.  Heavy rainfall 

within 24 hrs after hydroseeding probably washed much of the seed off of the site.  Differences 

between seeding methods that were apparent in untreated soil disappeared with subsoil 

decompaction.  Abundance of weeds was not greatly affected by seeding method.   

We conclude that hydroseeding was the least efficient method to establish native 

perennial grasses.  The results indicated that perennial grass performance in the hydroseed 

treatment was often inferior to other methods when soil was not decompacted, despite the fact 
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that 25% more seed was planted than the drill and broadcast treatments.  The poor 

performance of grasses in the hydroseed treatment was probably due to its having been washed 

off by inopportune rain.  These results indicate that evaluation of the potential for compaction is 

an important first step in developing soil preparation and seeding specifications for erosion 

control and revegetation projects.  For sites that are likely to have a high-density layer that will 

impede plant growth, soil decompaction may be especially important if hydroseeding is the only 

feasible method of planting.  If decompaction is not an option, then drill or broadcast seeding is 

likely to result in the best success of native perennial grasses.   

 As the use of native perennial grasses for erosion control, restoration and revegetaion 

has increased, the need for long-term management methods has grown.  In Chapter 2 we report 

the results of an experiment in the median of Interstate 5 in Sacramento Valley to evaluate a 

number of cultural practices for maintaining populations of California native perennial grasses.  

The species, planted by drill, were Elymus glaucus, Hordeum brachyantherum ssp. 

brachyantherum, Hordeum brachyantherum ssp. californicum, Melica californica and 

Nassella pulchra.  This experiment was designed to test the use of (1) well-timed mowing, (2) 

mowing with broadleaf specific herbicides and (3) mowing with pre-emergence herbicides for 

promoting the establishment and long-term persistence of native perennial grasses.  The use of 

pre-emergence herbicides in the fall of the second year of growth resulted in improved 

performance of native perennial grasses and reduction in the abundance of weeds.  We did not 

detect any effect of mowing on perennial grass or weed performance.  Due to problems in 

executing the experiment, we were unable to evaluate many of the treatments that the 

experiment was initially intended to test. 
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In an experiment reported in Chapter 3, we studied the effects of compost, slow-

release nitrogen fertilizer and different types of straw mulch on the establishment and growth of 

California native perennial grasses.  Perennial grasses responded to interactions between 

nutrient availability, weeds and volunteers of the mulch species.  They performed best in rice 

straw mulch, having better nutrient status and growth.  Growth and nutrient status of perennial 

grasses were worst with blue wildrye straw mulch.  Rice straw had the lowest amount of weeds 

and volunteers from mulch, while blue wildrye straw had the highest amounts.  Wheat straw was 

intermediate.  Differences in decomposition rates of the straws may have contributed to the 

effects we detected.  Rice straw appeared to be the best type of straw mulch to use because it 

resulted in the poorest performance of species that compete with seeded species for resources 

and the best performance of seeded perennial grasses.  Whatever straw is applied, it should be 

weed free.  The addition of compost benefited weeds, but not perennial grasses.  Competition 

from weeds suppressed the growth of perennial grasses, but this negative effect was eliminated 

by the addition of nitrogen fertilizer. 
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General Introduction 

New methods of vegetation management for California roadways are being developed 

in response to concerns about the past predominance of chemical control methods.  Such 

concerns and a court injunction led to suspension of these practices in some districts and an 

environmental impact report on the chemical control practices of the Department of 

Transportation (Rich Knapp, memorandum, July 18, 1995).  Since then, the Roadside 

Vegetation Management Committee has encouraged the development of methods that result in 

effective erosion control and slope stabilization, while reducing maintenance and weedy 

vegetation. 

 The use of California native perennial grasses for erosion control seedings is one 

alternative management method being explored.  Perennial grasses have great potential for 

revegetation of newly constructed roadsides in order to control erosion.  The use of perennial 

grasses has expanded in recent years due to their erosion control properties as well as potential 

to reduce weeds, maintenance costs, herbicide use and fire hazard and to improve 

environmental quality.  In the long run, perennial grasses have the potential to more effectively 

control erosion than annual grasses.  Extreme fluctuations in annual grass populations have been 

reported (Talbot et al. 1939).  Long-lived perennial grasses are more consistent producers of 

biomass than annual grasses because of their life history and ability to tap deep soil water 

sources once established (Holmes and Rice 1993, Brown 1998).   

 Not only are perennial grasses excellent for reducing erosion, but also they can suppress 

weeds, which can in turn reduce maintenance costs and herbicide use.  Some species of 

perennial grasses, e.g. meadow barley, are very competitive against annual grasses during their 
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first year of growth (Bugg et al. 1997).  Once established, long-lived perennials are good 

competitors, persisting in plant communities for decades (White 1967).  Although perennial 

grasses are generally slower growing than annual grasses (Chapin 1980), they can be helpful in 

controlling weeds (Northam and Callihan 1988).  Once a stable perennial community has been 

established and is being properly managed, the need for herbicides to control weeds can be 

reduced (Bugg et al. 1997), decreasing costs for materials and labor. 

 Growth characteristics of perennial grasses can also reduce the need for mowing and 

decrease fire hazard.  Some short statured species provide little biomass to serve as fuel or 

visual obstruction, eliminating the need for mowing (Bugg et al. 1997).  In order to address 

concerns of fire hazard and visibility, taller species can be managed with a single annual mowing 

once they have become dormant (Anderson, personal communication). 

 In addition to reduced biomass production of some species, perennial grass longevity 

and timing of growth can result in reduced flammability compared to annual grasses.  Many 

perennial species stay green longer into the summer and begin growth earlier in the fall than 

annuals (Laude 1953), while others grow actively throughout the summer.  Green tissue has 

considerably higher water content than dry tissue and is less likely to burn, all else being equal. 

 Finally, an important advantage of using native perennial grasses and other native plants 

in roadside seedings is improved environmental quality.  There is growing awareness of and 

concern for the conservation of California's native flora.  Highway right-of-ways represent 

thousands of miles of potential habitat for native plants, including grasses and forbs.  The 
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complex nature of native plant communities proves more aesthetically pleasing than 

monocultures of starthistle or wild oat, which often line our roadsides.   

Native prairie restoration on roadsides has been successfully implemented in other 

states such as Iowa (Integrated Roadside Vegetation Management, no date).  However, 

restoration of California’s prairies has met with mixed success.  There has been an increase in 

the use of native species in erosion control seedings, but the methods that best promote their 

establishment and growth are still being developed.  Few studies investigate alternative methods 

for seeding native species (Montalvo et al. 2001).  Direct seeding studies generally included 

fast-growing introduced annual grasses, shrubs or legumes and were non-replicated, trials of 

plant performance (Clary 1983, Stromberg and Kephart 1996).  Until the study of Montalvo et 

al. (2000), common seeding practices had not been compared in a replicated experiment that 

allowed quantitative comparison of seeding and soil preparation methods in California.  Cultural 

practices for the establishment of native species should be tested in a controlled manner to 

determine what methods are most effective under particular conditions and what may limit the 

success of such plantings. 

Not only can seeding methods be determinants of the success of perennial grasses, but 

soil preparation may also have important impacts.  Traffic of heavy equipment causes soil 

compaction, i.e. a decrease in soil volume and increase in its density (Håkansson et al.1988), 

which often subsequently results in decreased plant growth.  Decreased pore volume and 

increased soil strength impedes root growth.  Compaction due to construction vehicles and 

operations necessary for road building may have important effects on the success of 

revegetation and erosion control plantings in areas adjacent to roadways.  Deep tillage has been 
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reported to improve the growth and productivity of many crops in various soil types (Unger and 

Kaspar 1994, Vepraskas et al. 1986, Vepraskas et al. 1990, Oussible et al. 1992, Mathers et 

al. 1971).  More information is needed about the impacts of soil compaction and decompaction 

on establishment, growth and persistence of native perennial grasses in California.   

Many questions remain about the effects on native perennial grasses of applying fertilizer 

and straw mulch at the time of planting.  Application of highly soluble fertilizers may provide a 

greater advantage to weedy species than seeded perennial grasses.  Applying soil amendments 

that will immobilize nitrogen and release it slowly can be a valuable tool in successful 

revegetation and restoration of plant communities (Morgan 1994; Zink and Allen 1998).  The 

practice may provide an advantage for slower growing native perennial species in competition 

with fast growing, weedy species that benefit from high nitrogen conditions (Chapin 1980; 

Jackson et al. 1988; Hart et al. 1993; Davidson et al. 1990; Claassen and Marler 1998; Zink 

and Allen 1998)(but also see Wilson and Gerry 1995 and Reever Morghan and Seastedt 

1999).  

The application of straw mulch is a common practice in revegetation.  The benefits of 

surface mulch for establishing plants from seed have been well demonstrated (Clary 1983; 

Gupta et al. 1984; Phillips and Phillips 1984; Kwon et al. 1995; Abrecht et al. 1996; Bautista et 

al. 1996; Byard et al. 1996; Cavero 1996; Rahman et al. 1997).  Surface mulch application 

also has well-known erosion control benefits (Osborn 1954; Kay 1978; Clary 1983; Bautista et 

al. 1996).  Applying mulches to the soil surface can result in increased immobilization of nitrogen 

similar to incorporation of soil amendments with high C:N (carbon to nitrogen ratio).   However, 
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the impacts of different types and amounts of straw mulch on nitrogen availability and 

subsequent effects of plant growth have not been studied in the context of revegetation. 

  In addition to the need to develop reliable methods to establish native perennial grasses, 

there is a great deal of uncertainty about the methods of managing prairie communities on 

highway rights-of-way to ensure the long-term survival.  Anderson (1993) suggested the use of 

pre-emergence herbicides in the second year after seeding of perennial grasses, post-

emergence, broadleaf specific herbicides and well-timed chemical or mechanical mowing to 

selectively damage competing vegetation.  These methods have not been evaluated and 

compared in a systematic way.  There is clearly a need to test them in a controlled and 

replicated manner to evaluate their efficacy for management of native perennial grasses in 

California roadside and highway rights-of-way. 

Here we report the results of three studies designed to investigate methods for optimal 

establishment, growth and management of native perennial grasses.  Two studies were 

conducted in the median if Interstate 5, just south of Sacramento, which allowed evaluation of 

methods under realistic conditions.  The first study evaluated the effects of decompacting soil to 

76 cm and three seeding methods (broadcast, drill and hydroseed with 25% more seed than 

other methods) on the establishment and growth of four perennial grasses native to California 

(Elymus glaucus, Hordeum brachyantherum ssp. brachyantherum, Hordeum 

brachyantherum ssp. californicum and Nassella pulchra).  The second study was designed 

to test the use of (1) well-timed mowing, (2) mowing with broadleaf specific herbicides and (3) 

mowing with pre-emergence herbicides for promoting the establishment and long-term 

persistence of native perennial grasses.   
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We also report the results of an experiment conducted on abandoned low fertility 

agricultural soils that investigated the effects on native perennial grasses of amending soils with 

compost and slow-release nitrogen fertilizer as well as application of different types and 

amounts of straw mulch.  These experiments were designed to fill gaps in our knowledge about 

methods for establishment, growth and management of native perennial grass plantings so that 

we may learn their true potential for erosion control, slope stabilization and creation of low-

maintenance, weed-free roadside communities. 
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Chapter 1 
 
 
 

Effects of seeding methods and soil decompaction on the establishment  
and growth of California native perennial grasses 
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ABSTRACT 

 Standard methods for the establishment of native perennial grasses in erosion 

control and revegetation projects are needed and continue to be developed.  This 

experiment was conducted in the Sacramento Valley of California and tested the effects 

of soil decompaction to 76 cm (30 inches) and three seeding methods (broadcast, drill 

and hydroseed with 25% more seed than other methods) on the establishment and growth 

of four perennial grasses native to California (Elymus glaucus, Hordeum brachyantherum 

ssp. brachyantherum, Hordeum brachyantherum ssp. californicum and Nassella pulchra).  

Soil decompaction generally benefited the perennial grasses.  Perennial grass seedling 

densities were greater in decompacted soil in the second year after seeding.  Perennial 

grass cover was also greater in decompacted treatments, while weed cover was 

unaffected.  In soils that were not decompacted, drill and broadcast seeding generally 

resulted in better performance of perennial grasses than hydroseeding.  Heavy rainfall 

within 24 hrs after hydroseeding caused flooding and washed much of the seed off of the 

site.  Differences between seeding methods that were apparent in untreated soil 

disappeared with subsoil decompaction.  Abundance of weeds was not greatly affected by 

seeding method.  We conclude that hydroseeding was the least effective method to 

establish native perennial grasses.  The results indicated that perennial grass performance 

in the hydroseed treatment was often inferior to other methods when soil was not 

decompacted, even though 25% more seed was planted than the drill and broadcast 

treatments.  The poor performance of grasses in the hydroseed treatment was probably 

due to its having been washed off by inopportune rain and a hard crust of hydromulch 
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that formed when the soil surface dried.  In some areas, the hydroseed fiber crust cracked 

and curled, lifting seedlings out of the soil. These results indicate that evaluating the 

potential for compaction is an important first step in developing soil preparation and 

seeding specifications for erosion control and revegetation projects.  For sites that are 

likely to have a high-density layer that will impede plant growth, soil decompaction may 

be especially important if hydroseeding is the only feasible method of planting.  

Unfortunately, such sites are also unlikely to be accessible to soil decompaction 

equipment.  If decompaction is not an option, then drill or broadcast seeding is likely to 

result in the best success of native perennial grasses.  Finally, the effects of weather 

conditions at the time of seeding and during the establishment period may be as or more 

important than the methods used in determining perennial grass success.  Seeding should 

be performed early enough in the wet season to avoid problems created by heavy rainfall, 

saturated soils and low temperatures. 

 

INTRODUCTION 

A great deal of money is spent each year on erosion control with construction of 

bridges, roadways and other structures.  These costs increase when erosion control 

measures fail.  One common problem with seeding for erosion control is poor 

establishment of vegetation.  This may be especially true when slower growing native 

perennial grass species are used (Garnier 1992, Bugg et al. 1997, but see Bishop 1995).  

There has been an increase in the use of native species in erosion control seedings, but 

the methods that best promote their establishment and growth are still being developed.  

Few studies investigate alternative methods for seeding native species (Montalvo et al. 
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2001).  Direct seeding studies generally included fast-growing introduced annual grasses, 

shrubs or legumes and were non-replicated, trials of plant performance (Clary 1983, 

Stromberg and Kephart 1996, Bishop 1995).  Until the study of Montalvo et al. (2001), 

common seeding practices had not been compared in a replicated experiment that allowed 

quantitative comparison of seeding and soil preparation methods in California.  Cultural 

practices for the establishment of native species should be tested in a controlled manner 

to determine what methods are most effective under particular conditions and what may 

limit the success of such plantings. 

Traffic of heavy equipment causes soil compaction, i.e. a decrease in soil volume 

and increase in its density (Håkansson et al.1988), which often results in decreased plant 

growth.  The soil strength, i.e. resistance to external forces (Håkansson et al.1988) and 

depth of compaction after a given force is applied is a function of the compacting forces 

exerted and the texture, structure and moisture content of the soil.  Compaction can 

persist for years and, in some cases, be permanent (Håkansson et al.1988).  Voorhees et 

al. (1989) found that loads of 9 and 18 Mg (1 Mg is approximately 1 long ton) per axle 

compacted soil up to 60 cm and decreased crop production in the first year on one soil 

type.  On a second soil type, these high axle loads only resulted in compaction when the 

soil was wet.  Voorhees et al. (1986) found that when wet soil was subjected to axle loads 

of 9 and 18 Mg, bulk density (soil mass/soil volume) increased at depths from 30 to 50 

cm, below the normal depth of tillage.  There was evidence of subsoil compaction 4 years 

after the initial treatments, even when the soil froze to 90 cm each winter.  Even in areas 

with freeze-thaw cycles, compaction can persist for long periods (Unger and Kaspar 

1994).   
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One of the primary effects of compaction is that pore volume is reduced and the 

relative number of large pores decreases (Håkansson et al.1988).  Large pores are 

important for gas exchange in respiration of plant roots and aerobic microorganisms, i.e. 

for processes that require oxygen.  Pores provide space for roots and soil fauna to live 

and grow (Håkansson et al.1988).  Large pores are also important determinants of the 

drainage and water storage characteristics of a soil.  Loss of these pores can result in 

poorer infiltration and drainage due to reduced hydraulic conductivity, which can in turn 

result in increased runoff and erosion (Håkansson 1988).  However, as soils dry, water no 

longer fills the pores and the water available to plants is that held by matric forces (i.e. 

attractive forces of surfaces) of the soil particles.  The movement of water and nutrients 

under these conditions (i.e. unsaturated flow) can be more rapid in dense soils because 

they have higher unsaturated hydraulic conductivity than loose soils.  Increased 

unsaturated hydraulic conductivity can benefit plants (Håkansson et al.1988).  

Compaction can also benefit plants under some conditions because the amount of water 

and nutrients in a given volume of soil may be greater in more dense soils (Håkansson et 

al.1988).   

Plant growth is generally negatively affected by soil compaction due to decreased 

pore volume and increased soil strength, which impedes root growth.  Håkansson et al. 

(1988) and Abou-Arab et al. (1998) reported that the negative effects of compaction on 

plants generally increase with increased clay content of the soil and traffic intensity (but 

see Vepraskas et al. 1986).  Shallow rooting depth, lower root length densities or 

decreased yields, or all three, have been reported in compacted soils (Unger and Kaspar 

1994, Voorhees et al. 1989, Oussible et al. 1992, Abou-Arab et al. 1998).  Reduced root 
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growth can limit the ability of plants to acquire water and nutrients (Håkansson et 

al.1988).  Oussible et al. (1992) found that subsoil compaction resulted in fewer shoots 

per unit area, denser, finer and shallower roots and reduced production of grain and 

straw.  Whether soil compaction will negatively affect plant growth depends on the 

availability of resources, especially water.  When irrigation is available, water can be 

applied to compensate for shallow root systems or the lack of water stored deep in the 

soil profile (Burnett and Hauser 1967 as cited by Mathers et al. 1971).  However, in 

conditions such as erosion control plantings, irrigation is costly, logistically or 

economically unfeasible and, hence, rarely available. 

 Deep tillage has been reported to improve the growth and productivity of many 

crops in various soil types (Unger and Kaspar 1994, Vepraskas et al. 1986, Vepraskas 

and Wagger 1990, Oussible et al. 1992, Mathers et al. 1971).  Vepraskas and Wagger 

(1990) reported that decompaction of subsoil was most likely to improve production in 

soils having a layer that restricted root growth and sand or loamy sand topsoil without 

aggregate structure that has low water holding capacity.  Root development in subsoils 

with hard tillage pans that impeded root growth was usually improved by decompaction 

when the bulk densities of the subsoil were greater than 1.66 Mg m-3 and the subsoil had 

a sand content less than or equal to 50.8%.  Subsoil decompaction generally had no effect 

on root penetration in soils that had bulk densities of less than 1.66 Mg m-3 and sand 

contents greater than or equal to 55.9%. 

 Many methods are available for planting seed in erosion control projects, 

including broadcasting, drilling and hydroseeding, but few tests of their relative efficacy 

have been conducted (Montalvo et al. 2001).  Broadcast seeding can be performed by 
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hand or using a mechanical seeder that distributes the seed by dispersing it onto the soil 

surface.  Seed may then be incorporated by hand with a rake, or with a mechanical device 

pulled behind a seeder such as a harrow, chains or weighted chain-link fence.  This 

method can be very effective but does not precisely control the depth of seeding.  Seed 

may be left too shallow, which may result in desiccation or removal by water, wind or 

granivores, or buried too deep, preventing germination or emergence, or both.  Drilling 

seed using a mechanical device that creates an opening for the seed in the soil, deposits 

the seed in the opening and then covers the seed with soil increases the chance of placing 

seed in ideal conditions for germination and growth.  However, this method can only be 

applied on sites that are flat enough to allow the use of the necessary equipment.  

Hydroseeding, in which a slurry of water, seed, fertilizer and fiber is sprayed onto a site, 

is commonly used after road construction to stabilize soils.  This method has a number of 

advantages.  Hydroseeding can be used on steep slopes because the slurry can be 

projected from level ground at the base or top of the slope.  The fiber in the slurry covers 

the soil and helps to prevent erosion before the seeded vegetation provides cover.  

However, this method is the least likely of those described to place seed in close contact 

with the soil and optimal conditions for growth.  As a result, seeding rate specifications 

are sometimes increased by 25% or more when hydroseeding is used in order to 

compensate for this shortcoming (J. Haynes personal communication). 

Compaction due to construction vehicles and operations necessary for road 

building may have important effects on the success of revegetation and erosion control 

plantings in areas adjacent to roadways.  One purpose of this study was to determine the 

effects of post-construction subsoil decompaction on the establishment of selected 
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California native perennial grasses.  We were also interested in testing the efficacy of 

different seeding methods and investigating the interactions between soil compaction and 

the method of seeding.   We expected that soil decompaction would benefit native 

perennial grasses and that drilling seed would lead to the best perennial grass 

performance, followed by broadcast seeding with hydroseeding resulting in the poorest 

plant performance. 

Plots of other native species were also planted in monocultures for demonstration 

purposes.  These plots were not monitored (see Appendix 1, 3 and 5).   

 

METHODS 

 The experiment was established in December of 1996 in the median strip between 

north and south bound lanes of traffic of Interstate 5, south of Sacramento and north of 

Elk Grove in California (post mile 11.5 to 15.9) (see Appendix 1).  The southern extent 

of the experiment was located just south of the Laguna Boulevard freeway exit, the 

Morrison Creek over crossing was approximately in the middle, and the northern end was 

just south of the Meadowview Road/Pocket Road freeway exit.  The native soils in the 

area are Dierssen clay loam, Egbert clay, Galt clay and Clear Lake clay (Tugel 1993).  

Soils at the experiment site appeared to be Dierssen clay loam in the area south of 

Morrison Creek over crossing with higher clay content on the far southern end, close to 

the Laguna Boulevard exit. The soils on the northern extent of the site had higher clay 

content than the Dierssen clay loam (Vic Claassen personal communication 21 June 

2000).   
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The experiment was planted in order to revegetate the site as part of a freeway 

widening project.  The original erosion control specifications (Appendix 2) called for 

drill seeding a mixture of native species including two legume species, one forb species 

and three perennial grass species.  An application of a mixture of fiber (500 lbs/acre), 

stabilizing emulsions (100 lb/acre) and fertilizer (200 lb/acre 16:20:0) after the seed had 

been applied was also specified.  The species actually planted, their amounts and methods 

of soil preparation and seeding are described below.   

The experiment reported here included all combinations of three different seeding 

methods (broadcast, drill and hydroseed) with two levels of soil decompaction 

(decompacted or non-decompacted), resulting in six experimental treatment 

combinations.  Each of the six treatment combinations was applied to one plot (250 ft 

long and 40 ft wide) within each of four replications for a total of 24 plots (Fig. 1a). The 

three seeding methods were randomly assigned to plots within each soil decompaction 

level (split-plot design).  Treatments were indicated by stakes labeled with the treatment 

names (Photo 1) and with paint labels on the pavement (Photo 2). 

1996-7 and 1997-8 rainfall 

The total precipitation in Davis (approximately 20 km north-west from the 

experiment site with rainfall patterns similar to the experiment site) for 1997 was 467.36 

mm (18.4 in), near the thirty-year average of 460.05 mm (18.1 in) (Owenby and Ezell 

1992).  Despite this, the pattern of rainfall was unusual.  In January 219.96 mm (8.7 in) of 

precipitation fell, 220% of the thirty-year average, causing considerable flooding at the 

experiment site (Photo 3).  Precipitation in Februrary, March and April was a fraction of 

normal with 0.9%, 16% and 11% of the thirty-year average falling.  In May and June 



 

 

 
 

19

1st 2nd 3rd 4th 5th 

rainfall was about 30% higher than the thirty-year average, which extended water 

availability for plant growth. 

 

  

 Figure 1.  a) Diagram of a single replication of the experiment.  The de-compaction 
treatment was randomly assigned to half of the block.  The seeding methods were 
randomly assigned to plots within decompacted and non-decompacted treatments.   
 

Non-decompacted Decompacted 

Drill Hydroseed Broadcast Drill Broadcast Hydroseed 

b) Cross section of the freeway median showing the areas sampled. 

Pavement edge Pavement edge 

3 m sampling strip 3 m sampling strip 

c) An aerial view of a single plot is depicted below with 5 sampling transects 
represented by dashed lines.  The numbers next to each transect indicate the 
order in which they were sampled. 

76.2 m 

12.7 m 
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The second wet season began in the autumn of 1997 with 111.0 mm (4.4 in) of 

rain falling in November, about 150% of the thirty-year average.  Rainfall for December 

1997 and January 1998 were close to the average, but precipitation was well above 

average for February (297.94 mm or 11.7 in, 410% of the thirty year average) and May 

(59.44 mm or 2.3 in, 835% of the thirty year average).  Precipitation was below average 

for March (47.24 mm or 1.9 in, 70% of the thirty year average).  Overall during 1998, 

565.15 mm (22.2 in) of rain fell, 123% of the thirty-year average.  This year was an 

above normal rainfall year and water availability was extended due to considerable 

precipitation late in the season.  

 Temperatures were not optimal for seed germination at the time of seeding.  

According to data collected at the NOAA Reference Climatological Station operated by 

the Department of Land, Air and Water Resources, University of California, Davis, the 

average air temperature was 13.3 °C (56 °F) and 12.2 °C (54 °F) and the average soil 

temperatures were 10.6 °C (51 °F) and 10.0 °C (50 °F) during December 1996 and 

January 1997, respectively.  These temperatures are at the lower boundary of the range 

suitable for germination of most species (Mayer and Poljakoff-Mayber 1963).   

December rainfall caused some flooding, but the pattern of rainfall during the 

critical period for germination of the perennial grass seeds was otherwise favorable for 

establishment.  In December, there were four to six days between rainfall events, except 

for one 13-day drought.  However, rainfall events in December were poorly timed with 

respect to the hydroseed treatment application, as described below, and caused flooding 
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of the site.  In January and February, there was one nine-day drought, otherwise only one 

to three days between storms.   

Cultural practices 

 The plots assigned to the subsoil decompaction treatment were ripped to 76 cm 

(30 in) using 91 cm (36 in) shanks in three passes over the area.  Soil was decompacted 

one third of the total depth in the first pass, two thirds in the second pass and the full 76 

cm (30 in) in the final pass.  A water-filled flat roller (approximately 91 cm or 36 in in 

diameter, with rigid rings approximately 10 cm or 4 in in height and 12.5 cm or 5 in 

apart) was pulled behind the ripper to break up large clods of soil (Daniel Olford personal 

communication December 2000) in the final pass with the ripper (Photo 4).  This 

operation was performed relatively late in the year when soils were too wet for optimal 

breaking of compacted soil and ripper shanks sliced through the soil more than would be 

ideal, “like slicing a pie,” according to erosion control contractor Al Nitta (personal 

communication 5 January 2001). 

The perennial grasses were seeded at the density listed in Table 1 for drill and 

broadcast treatments and the hydroseed treatment was seeded with 25% more seed by 

weight.  The seeding rates were based on standard practices modified to in order to 

achieve equal cover of each species.  To do this, the base-seeding rate of 16.7 seeds/ft2 

was multiplied by a factor for each species that reflected its seed size, vigor of seedlings 

and final plant size.  Relatively more seed of species with small seeds, low seedling vigor 

and small plant size was included than species with large seeds, high seedling vigor and 

large plant size.  Seeding rates were adjusted for the purity and germination percentage of 
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the seed used to achieve the desired density of pure, live seed.  Calculation of the species 

factors and seeding rates are detailed in Appendix 3. 

Drill seeding was conducted using a 1.82 m (6 ft) wide Truax Flex II no-till grass 

drill (Model IXII-88, Truax Company, Inc., 3609 Vera Cruz Avenue North, Minneapolis, 

Minnesota 55422) on 19 December 1996 (Photo 5).  A small disk in front of the seed 

distribution mechanism disturbs the soil and the seed is dropped into the prepared soil.  

The seeder is often followed by a spike tooth harrow to further incorporate the seed but 

was not in our experiment according to equipment usage records provided by Nitta 

Construction, Inc.   

Seed was mixed with a bulking agent (grain product horse feed supplement) to 

achieve the desired seeding density (Photo 6).  On 20 December 1996, seed was spread 

by hand (Photo 7) and incorporated with one pass of a 1.52 m (5 ft) wide iron spike tooth 

farm harrow for plots assigned the broadcast treatment.  A hydromulch layer with fiber 

(898 kg/ha or 800 lbs/acre) and fertilizer (224 kg/ha or 200 lbs/acre) (described in 

Appendix 4) was applied to the broadcast and drill treatments on 20 December 1996 

using the same method as the hydroseed treatment (Photo 8).  The hydroseeding 

treatment included spraying a water-based slurry of fiber (898 kg/ha or 800 lbs/acre), 

fertilizer (224 kg/ha or 200 lbs/acre) and seed on the plots assigned this treatment using a 

1992 Model T330 Finn Hydroseeder (Photo 8).  An application of fiber and fertilizer was 

made on top of the first hydroseed layer in replicates 1 and 2.  Thus a total of 1960 kg/ha 

(800 lbs/acre) of fiber and 448 kg/ha (200 lb/acre) of fertilizer were applied to the 

hydroseed treatment plots in replicates 1 and 2, while half as much fiber and fertilizer 

were applied to hydroseed treament plots in replicates 3 and 4. 
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Table 1.  Perennial grass seeding rates for broadcast and drill treatments based on pure 
live seed.  Hydroseed treatment was seeded with 25% more seed by weight.  Species 
authors are according to Hickman (1993). 

 

According to climate data from Davis (NOAA Reference Climatological Station 

operated by the Department of Land, Air and Water Resources, University of California, 

Davis), 1.32 cm (0.51 in) and 2.74 cm (1.08 inches) of precipitation fell on 21 and 22 

December 1996, respectively.  A visible portion of the hydromulch washed away because 

it did not have 24 hours to cure before significant precipitation fell (William Kuhl 

personal communication 27 December 2000). 

All plots were mowed to a height of 6 inches in the spring of 1997 and again 10-

11 July 1997. 

Monitoring 

 In preliminary sampling in 1997, we estimated perennial grass and weed densities 

using a 0.1 m2 circular sampling frame.  Sampling was conducted in a linear strip 

(transect) that spanned the median.  Each strip began about 1.5 m from the edge of the 

Seeding density  
Species 

seeds/m2 kg/ha 

Elymus glaucus Buckley var. Yolo Bypass 
blue wildrye 

59 2.92 

Hordeum brachyantherum ssp. brachyantherum Nevski var. Salt 
meadow barley 72 4.40 

Hordeum brachyantherum ssp. californicum Nevski var. Prostrate 
California barley 

96 3.18 

Nassella pulchra (A. Hitchc.) Barkworth var. Jepson Prairie 
purple needlegrass 60 2.80 

Poa secunda ssp. secunda J. S. Presl 
pine bluegrass 

957 4.10 

Melica californica Scribner 
California melic 159 1.39 

Total 1,403 18.80 
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pavement in order to avoid anomalous effects that might be caused by traffic, compaction 

or disturbance associated with the roadway as shown in Fig. 1b.  The central 3 m of the 

median was also avoided during sampling because this area might remain flooded longer 

than the remainder of the plot and could represent very different environmental 

conditions.  The sampling frame was placed at two locations that appeared to be 

representative of the plot in each of two sampling strips, one on either side of the median.  

 We counted the number of live perennial grass seedlings within the sampling 

frame.  Poa secunda ssp. secunda was not included in these density estimates because it 

was already dormant by the time that we monitored.  We conducted preliminary sampling 

of all six treatment combinations in blocks 2, 3 and 4 on 16 May 1997.  These data were 

used to estimate the number of samples needed to detect an effect if it were present, given 

the amount of variation there was in the experiment.  The fifth replicate of the 

experiment, located at the north end of the site, was eliminated due to flooding that may 

have resulted in removal or death of seeds.  The first replicate, on the south end of the 

experiment, was eliminated due to lack of time.   

 The primary sampling took place 27 and 28 May and 10 and 26 June 1997.  The 

data were combined with those from the preliminary sampling.  Samples were taken 

along transects that stretched across the median (Fig. 1b).  Transects were evenly space 

within each 76.2 m long plot (Fig. 1c).  Transects were located 12.7 m from the end of 

the plot and 12.7 m apart and were sampled in the order indicated in Fig. 1a.  Sampling 

was restricted to 3 m strips on either side of the median as illustrated in Fig. 1c.  Four 

samples were taken in each transect, two randomly located within each 3 m strip.  The 

number of samples taken in each treatment plot was no less than 12 (3 transects) and no 
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more than 20 (5 transects).  After each transect was sampled (4 samples), we calculated 

the coefficient of variation (CV = mean/standard deviation * 100).  We stopped sampling 

when the CV of all samples collected changed less than 10 % from the previously 

calculated CV or we had sampled all 5 transects, whichever occurred first.   

 In 1998, percent cover of individual perennial grass species and the three most 

abundant weed species in each sampling frame were estimated.  We sampled 2 or 3 

transects that were regularly spaced in each plot.  We sampled 4 locations along each 

transect, as described above.  We evaluated percent cover of the vegetation at each 

location using the Daubenmire (1959) method with the following cover classes: 0 = 0 %, 

1 = 0-5 %, 2 = 6-25 %, 3 = 26-50%, 4 = 51-75%, 5 = 76-95%, 6 = 96-100%. 

Statistical analyses 

 The data were analyzed using the appropriate split-plot analyses of variance 

(ANOVA) models.  This design results in greater statistical power to detect differences 

between sub-plot or split-plot factors (i.e. seeding method) than to detect differences 

between main-plot factors (i.e. seedbed preparation) compared to experimental designs in 

which the location of all treatment combinations are completely randomized (e.g. 

randomized complete block design).  Differences between means were determined using 

Tukey’s studentized range test.  Probabilities for statistical significance were set at 0.05, 

but probabilities greater than 0.05 and less than 0.1 are also presented because this level 

of significance indicates an interesting trend than may warrant further investigation.  

 In 1997, only blocks 2, 3 and 4 were monitored resulting in the corresponding 

reduction in degrees of freedom in the analysis.  Perennial grass and weed densities were 

monitored in that year. 
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In 1998, percent cover and height of perennial grasses, density of perennial grass 

seedlings and percent cover of weeds were evaluated.  For established perennial grasses, 

the sum of the percent cover values of all perennial grass species (total cover) and the 

average height across species (mean height) were evaluated as composite measures of 

perennial grass mixture performance.  The performance indices (percent cover and 

height) of individual species were also evaluated using the same ANOVA model in order 

to compare species responses to the experimental treatments.  The sums of the cover 

estimates for the three most abundant weeds in each sample were evaluated in1998.  This 

weed cover measure was also partitioned into cover of annual grasses and forbs and these 

two variables were analyzed.  Mean height of established perennial grasses and weed forb 

cover data in 1998 met the assumptions of ANOVA and untransformed data were 

analyzed.  Densities of perennial grass seedlings in 1998 were log transformed before 

analysis.  For all other response variables, the basic ANOVA assumption of equal 

variances was violated by the raw data and the log transformed data, so ranks of the data 

were analyzed.  In these analyses, the performance measures were ranked and the value 

of the ranks were used in the analysis instead of the measurements themselves.  Analysis 

of ranks is equivalent to a non-parametric test and avoids the necessity of having equal 

variances (Conover and Iman 1981, Hora and Conover 1984).  Tukey’s Studentized 

Range Test was applied to perform mean separations, i.e. to determine which means 

differed when ANOVA indicated that at least two of the means were significantly 

different from one another. 

Melica californica and Poa secunda ssp. secunda performed too poorly to be 

analyzed statistically as individual species.  Percent cover and height of both species were 
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usually 0 in all treatments.  However, their performance measures were included in the 

composite measures of perennial grass mixture performance (i.e. mean height and total 

percent cover). 

 

RESULTS 

Density of the perennial grass mixture and weeds in 1997 

The only experimental factor that affected perennial grass and weed density in the first 

year was seeding method (Table 2).  Perennial grass densities were highest in the drill 

treatment and lowest in the broadcast treatment with hydroseed intermediate (Table 3).  

In contrast, weeds had highest densities in the hydroseed treatment and lowest densities 

in the drill treatment with the broadcast treatment intermediate (Table 3).  Examples of 

each seeding treatment are shown in Photos 9, 10 and 11.  Although percent cover was 

not estimated in 1997, plant growth appeared greater in decompacted subsoils than in 

subsoils that were not decompacted (Photo 9). 

 

Table 2. Analysis of variance table for density of the mixture of perennial grasses and 
weeds in 1997.  Ranks of data were analyzed. 
 

Perennial grass mixture Weeds 
Source of Variation df 

SS F SS F 
Block 2 174.33 3.09 2.33 0.01 
Soil preparation 1 180.50 6.41 29.39 0.23 
Seeding method 2 41.33 7.29* 118.75 6.29* 
Block X soil preparation 2 56.33 9.94** 251.44 13.31*

* 
Soil preparation X seeding method 2 9.33 1.65 4.53 0.24 
Notes: df = degrees of freedom; SS = sum of squares; MS = mean square; F = F-value;  + = 0.05 
< p < 0.1, * p < 0.05, ** p < 0.01 
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Table 3. Perennial grass mixture and weed densities in different seeding method 
treatments (1997).  Means followed by different letters are significantly different 
according to Tukey’s studentized range test (p < 0.05). 
 

Perennial grass 
mixture 

(plants/m2) 

Weeds 
(plants/m2) Seeding method 

mean s.e.m. mean s.e.m. 
Broadcast 30.3 B 7.8 9.8 ab 2.2 

Drill 40.6 A 8.7 7.1 b 0.8 
Hydroseed 36.7 AB 8.5 12.8 a 1.9 

Notes: s.e.m. = standard error of the mean 
 

Performance of perennial grasses in 1998 

Seeding method 

The effect of seeding method on total percent cover (the sum of the absolute cover 

of each of the six seeded species) was marginally non-significant (Table 4).  The trend 

was for percent cover to be greater in the drill treatment than the hydroseed treatment 

(25% more seed included in hydroseed), with broadcast seeding intermediate (Table 4).  

When individual species were evaluated separately, seeding method had a marginally 

non-significant effect on the percent cover of Elymus glaucus (Table 4).  Percent cover of 

Elymus glaucus tended to be greatest in the drill treatment, lowest in the hydroseed 

treatment and intermediate in the broadcast treatment.  Although not significant, patterns 

for most other species were similar (Table 5).  

There was a significant interaction between seeding method and soil 

decompaction for cover of Hordeum brachyantherum spp. brachyantherum (Table 4).  

This species had similar percent cover in both soil preparation treatments for broadcast 

and drill treatments.  However, it produced much less cover in the non-decompacted 

control compared to the decompacted treatment in the hydroseed treatment (Figure 2). 
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 Seeding method had a significant effect on the average height of the seeded 

perennial grasses, but this response depended upon soil preparation (Table 6).  The 

heights of grasses in the broadcast treatment were greater than those in the hydroseed 

treatment and the heights of grasses in the drill treatment were intermediate without soil 

decompaction.  Differences between seeding methods were not apparent when soil was 

decompacted (Fig. 3a).   

 When individual species were evaluated, heights of Hordeum brachyantherum 

ssp. brachyantherum, Hordeum brachyantherum spp. californicum and Nassella pulchra 

were affected by seeding method, although the response of Nassella pulchra depended on 

soil preparation (Table 6).  The first two species were taller in the broadcast and drill 

treatments, respectively, than the hydroseed treatment (Table 7).  Seeding treatments did 

not affect Nassella pulchra height when soil was decompacted.  Without decompaction, 

this species performed best in the broadcast and least well in the hydroseed treatments 

(Fig. 3b).  Hordeum brachyantherum ssp. brachyantherum also performed most poorly in 

the hydroseed treatment when soils were not decompacted, but this response was 

marginally non-significant (Fig. 3c). 
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Hordeum brachyan therum ssp.  brachyantherum
Percent  cover

Seed ing  method
broadcas t drill hydroseed

P
e

rc
e

n
t 

c
o

v
e

r

0

5

1 0

1 5

2 0

2 5

-  so i l  decompact ion
+ so i l  decompact ion

F igure  2 .  Percent  cover  o f  Hordeum  brachyantherum  ssp.  brachyantherum  
was s imi lar  whether  or  not  so i ls  were decompacted broadcast  or  dr i l l  t reatments .
However ,  cover  was  much lower  in  t rea tments  w i thout  decompact ion  when th is  
spec ies  was  hydroseeded.
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Perennial Grass Height
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Figure 3.  Heights of native perennial grasses were similar in all seeding method treat-
ments when soil was decompacted.  However, when soil was not decompacted,
the mean heights across all species and heights of Hordeum brachyantherum spp. 
californicum and Nassella pulchra were greater in the broadcast and drill treatments
than the hydroseed treatment.

a. Mean height

c. Hordeum brachyantherum ssp. californicum
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Subsoil decompaction had a large effect on percent cover of perennial grasses (Table 4) 

(Photo 12).  Percent cover was higher in the decompacted treatment than the non-

compacted control for total cover (i.e. sum of all species) and for percent cover of Elymus 

glaucus and Hordeum brachyantherum spp. californicum (Table 8).  Percent cover of 

Hordeum brachyantherum spp. brachyantherum was marginally non-significantly higher 

in the decompacted treatment compared to the control (Table 8).   

 We were unable to detect an effect of decompaction on perennial grass height 

(Table 6), although heights tended to be greater in decompacted soils compared to the 

control (Table 9).   

Density of perennial grass seedlings from seedbank in 1998 

 The density of perennial grass seedlings in the second year after planting was 

affected by soil decompaction and there was an interaction between soil decompaction 

and seeding method (Table 10).  Overall, seedling density was much greater in 

decompacted plots than plots that were not decompacted.  When soil was decompacted, 

seedling density was greater in the hydroseed treatment than drill and broadcast 

treatments.  This was the only case in which the hydroseed treatment outperformed both 

of the other seeding methods.  When soil was not decompacted, seedling densities were 

greater in the drill treatment than the broadcast and hydroseed treatments (Fig. 4).  
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1998 Seedling Density

Seeding method

broadcast drill hydroseed
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Figure 4.  Densities of perennial grass seedlings in 1998 were greatest in the 
hydroseed treatment, which included 25% more seed than the other seeding 
methods, when soil was decompacted. However, without decompaction, 
seedling densities were highest in the drill treatment and lowest in the hydro-
seed treatment.  Seedling densities were generally greatest in treatments with 
soil decompaction.
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Weed cover in 1998 

 Weed cover was comprised of 71 % annual grasses and 29 % forbs, which were 

mainly annuals.  The most common annual grass weeds were Lolium multiflorum L. 

(Italian ryegrass), Bromus spp., Phalaris minor Retz. and Hordeum spp.  The most 

common forbs were Medicago polymorpha L. (California burclover), Pichris echioides 

L. (bristly ox-tongue), Centaurea solstitialis L. (yellow star-thistle), Anthemis cotula L. 

(mayweed), Sonchus asper (L.) Hill (prickly sow thistle) and Melilotus indica (L.) All. 

(sourclover). We detected no effect of soil decompaction and seeding methods on the 

percent cover of the three most abundant weeds in each plot combined and the cover of 

annual grass weeds (Table 11).  Forb weeds were marginally affected by seeding method 

and tended to have higher cover in the hydroseeding treatment (52.47 ± 11.76 a) than the 

drill treatment (32.64 ± 7.58 b), with cover in the broadcast treatment intermediate (47.66 

± 9.87 ab) (means followed by different letters are different from each other according to 

Tukey’s Studentized Range Test with " = 0.05). 

 

DISCUSSION 

 Decompaction of the soil generally enhanced perennial grass growth.  Native 

perennial grasses performed best (and weeds performed most poorly) in the drill 

treatment than in the broadcast and hydroseed treatments, despite the fact that 25% more 

seed was planted in hydroseed plots.  However, these differences between seeding 

methods were only apparent when soil was not decompacted before seeding.  Across all 

species and for the individual species Hordeum brachyantherum ssp. brachyantherum, 

Hordeum brachyantherum spp. californicum and Nassella pulchra, different seeding 
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methods did not affect performance when soil was decompacted.  However, in the control 

in which soil was not decompacted, these species did not perform as well in the 

hydroseeding treatment as in drill and broadcast treatments.  Even though perennial grass 

seedling densities were higher in decompacted hydroseed plots in 1998, variability in that 

treatment was extremely high and densities do not reflect plant growth.  Therefore, 

percent cover is a better indicator of success. 

 Once the rainy season ended, the hydroseed treatment resulted in a thick layer of 

fiber, which may have impeded emergence of seedlings (Photo 13).  The layer cracked 

and curled, sometimes lifting seedlings out of the soil by their roots (Photo 14).  

Hydromulch (fiber and fertilizer in water) was applied to all seeding treatments, but twice 

as much fiber and fertilizer were applied to half of the hydroseed treatment plots (once 

when the seed was applied and again when fiber and fertilizer in water were applied 

alone).  In addition, seed mixed with the hydromulch slurry in the hydroseed treatment 

may have been less likely to have optimal seed-soil contact.  These factors may have 

contributed to the seeding method treatment effects we detected. 

 It appears that subsoil decompaction at least partially compensated for the 

shortcomings of hydroseeding.  We cannot assess the extent to which the effects of 

hydroseeding were mitigated because the seeding and hydromulch rates differed among 

methods.  What we can say is that differences between perennial grass growth in 

hydroseeding, drill and broadcast seeding treatments could not be detected when subsoils 

were decompacted and the seeding rate for seeds planted by the hydroseed method were 

increased by 25%.  However, differences between the seeding methods were apparent 

when subsoils were not decompacted.  We can only speculate about the mechanisms that 
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led to these results.  Reducing impedence to root growth and improving water infiltration 

through the decompaction were probably at least in part responsible for the improved 

growth of the seeded species (Håkansson et al.1988).  Roughening of the soil surface may 

have provided better adhesion of the hydroseed slurry to the soil surface and resulted in 

improved performance.  Other side-effects of the soil preparation may also have led to 

the effects we detected.   

 Our decompaction results are consistent with those of Montalvo et al. (2001) in 

that the effects of decompaction did not become apparent until the second growing 

season.  However, we found strong effects of subsoil decompaction on perennial grass 

growth the second year, whereas, soil decompaction in the Montalvo et al. study (2001) 

led to variable results and the authors concluded that it had minimal effects on plant 

establishment.  There were several differences between the two studies that may have 

resulted in contrasting results.  The depths of decompaction in the Montalvo et al. study 

were 0, 20 and 40 cm, whereas, subsoil decompaction depths in the current study were 0 

and 76 cm.  The two studies share only a single species, Nassella pulchra, in common.  

This was one of the species that showed a positive response to soil decompaction in the 

Montalvo et al. study.  Whereas, only perennial grasses were included in the experiment 

being reported here, Montalvo et al. included annual grasses and forbs and perennial 

shrubs.   

Soil and climate of the two study sites were also very different.  The Montalvo et 

al. experiment was conducted on a sandy loam soil in southern California where annual 

precipitation is 340 mm (Montalvo et al. 2001).  The experiment reported here was 

conducted on clay, clay-loam soils in northern California where the annual rainfall is 460 
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mm.  The granular structure of the southern California soil may have resulted in lower 

tendency to become compacted, therefore, reducing the effects of ripping.  Differences in 

soil type and moisture content have been reported to result in differential effects of 

compaction on plant growth (Vepraskas et al. 1986) and compaction can even be 

beneficial to plant growth in sandy soils (Abou-Arab et al. 1998).   

Montalvo et al. (2001) also found that weed density decreased with soil ripping, 

whereas, we detected no effects of soil decompaction on weed abundance.  In our 

experiment, only the abundance of forb weeds was affected by seeding method and was 

greatest in the hydroseed treatment.  There is no reason to believe that weed seed 

abundance would be greater in the hydroseed treatment than in broadcast and drill 

treatments.  Water, fiber and fertilizer were applied to all seeding method treatments, 

eliminating these as factors causes of the results we detected.  This effect must be due to 

factors that we did not measure. 

 

RECOMMENDATIONS 

 Based on our experimental results and the findings of others, it is clearly very 

important to consider the compactibility of the soils of a revegetation site before selecting 

soil preparation and seeding methods.  First, it should be determined whether a 

compacted layer exists and whether the soil texture, structure and moisture content are 

conducive to compaction.  Second, the feasibility of alternative seeding methods should 

be evaluated.  When conditions allow the use of a seed drill, our results suggest that this 

method may be most efficient.  Broadcast seeding may be nearly as effective but will 

require more labor than drill seeding or hydroseeding if performed by hand and seed 
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should be incorporated with hand tools or a tractor drawn harrow, if possible.  If 

hydoseeding is the most practical option (e.g. due to steep slopes or wet soil), our results 

suggest that at least 25% greater seeding rates should be used and soil should be 

decompacted (if warranted and practicable) for plant growth levels to equal those of drill 

or broadcast seeding. 
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Photo 1     Photo 2 
Photo 1 and 2 illustrate the stakes and pavement markings that indicated the soil 
preparation and seeding methods to be applied in each area of the freeway median. 
       
  
 
 
 
 
 

Photo 3 - Flooding caused by winter rains Photo 4 - Subsoiling equipment with 76 cm 
 shanks and followed by flat roller to break 

up large soil clods. 
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 Photo 5 - 1995 Truax Flex II Grass Drill     Photo 6 - Bill Kuhl mixes seed with horse  
 being pulled by 40 hp1978 Ford 515                 feed  supplement before loading it into 
 tractor-loader.                                                     seed hoppers of the grass drill. 

 
Photo 7 - Hand broadcasting seed Photo 8  - Hydroseeding with 1992 Model 

T330 3,300 gallon Finn hydroseeder 
mounted on a 1980 Freightliner truck. 

 

Photo 9 - Drill seeded section with non-decompacted treatment in foreground and 
decompacted treatment in background.  Note greater plant growth in decompacted soils. 
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Photo 10 – Native grass seedlings were  Photo 11 – Hydroseeded plot 
growing in the depressions of these tire  
tracks in a broadcast treatment plot. 

 

 
Photo 12 – Soils to the left of this picture were decompacted while   
those to the right were not.  Note that plants were taller in the 
decompacted soils. 

 
        

Photo 13          Photo 14  
Photos 13 and 14 show the thick hydromulch layer.  It created a tough layer when it dried 
that may have inhibited seedling emergence and sometimes lifted seedlings from the soil 
as it curled, as demonstrated in Photo 14. 
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ABSTRACT 

 As the use of native perennial grasses for erosion control, restoration and 

revegetaion has increased, the need for long-term management methods has grown.  We 

conducted an experiment in the median of Interstate 5 in Sacramento Valley to evaluate a 

number of cultural practices for maintaining populations of California native perennial 

grasses.  The species, planted by drill seeding, were Elymus glaucus, Hordeum 

brachyantherum ssp. brachyantherum, Hordeum brachyantherum ssp. californicum, 

Melica californica and Nassella pulchra.  This experiment was designed to test the use of 

(1) well-timed mowing, (2) mowing with broadleaf specific herbicides and (3) mowing 

with pre-emergence herbicides for promoting the establishment and long-term persistence 

of native perennial grasses.  The use of pre-emergence herbicides in the fall of the second 

year of growth resulted in improved performance of native perennial grasses and 

reduction in the abundance of weeds.  We did not detect any effect of mowing on 

perennial grass or weed performance.  Due to problems in executing the experiment, we 

were unable to evaluate many of the treatments that the experiment was initially intended 

to test. 
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INTRODUCTION 

 Because of their many potential benefits, native perennial grasses are being 

included in erosion control, restoration and revegetation projects with increasing 

frequency.  Although most native perennial grasses grow slowly compared to annual 

species (e. g. Garnier 1992), they can be good competitors once established and persist 

for extended periods (Bugg et al. 1997, White 1967).  They can help reduce the 

abundance of weedy species and provide a more stable plant community that serves as 

habitat for desirable flora and fauna (Bugg et al. 1997).   

 Some experiments and informal studies of native perennial grass seeding methods 

and management during establishment have been conducted (Montalvo et al. 2001, 

Stromberg and Kephart 1996, Anderson 1993, Dyer et al. 1996).  However, there have 

been very few studies of the long-term management of these species.  Most of the 

existing studies have examined the effects on perennial grasses of grazing or burning, or 

both (Langstroth 1991, Menke 1992, Dyer et al. 1996).  Grazing and burning may be 

problematic for use on roadside rights-of-ways for safety reasons.  However, many of the 

management methods suggested for promoting the growth and establishment of newly 

seeded native perennial grass species might be appropriate for their long-term 

maintenance as well.  The biggest obstacle to establishment of native perennial grasses is 

competition from resident vegetation, mostly exotic annual grasses.  Anderson (1993) 

suggested the use of pre-emergence herbicides in the second year after seeding of 

perennial grasses, post-emergence, broadleaf specific herbicides and well-timed chemical 

or mechanical mowing to selectively damage competing vegetation.  There is clearly a 

need to test these methods in a controlled and replicated manner to evaluate their efficacy 
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for management of native perennial grasses in California roadside and highway rights-of-

way. 

 Here we present the results of an experiment that was designed to investigate the 

effectiveness of (1) well-timed mowing, (2) mowing with broadleaf specific herbicides 

and (3) mowing with pre-emergence herbicides for promoting the establishment and 

long-term persistence of native perennial grasses.  Several groups conducted the project, 

each agreeing to execute a part of the experiment, as described in the introduction of the 

report.  Briefly, the University of California researchers were responsible for designing 

the experiment, instructing California Department of Transportation Biological Unit 

employees in monitoring methods, analyzing the data and producing the reports.  

California Department of Transportation Biological Unit personnel were to monitor the 

growth and establishment of the perennial grasses.  California Department of 

Transportation District 3 Maintenance crews were responsible for applying the 

management treatments. 

 

METHODS 

 The experiment described in this chapter, was conducted in the same area as the 

experiment described in the previous chapter.  The replications or blocks of experiment I 

and II were interspersed.  The soil was decompacted before seeding by ripping to 76 cm 

(30 inches) using 91 cm (36 inches) shanks in three passes over the area.  Soil was 

decompacted one third of the total depth in the first pass, two thirds in the second pass 

and the full 76 cm (30 inches) in the final pass.  A water-filled flat roller (approximately 

91 cm or 36 inches in diameter, with rigid rings approximately 10 cm or 4 inches tall and 
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12.5 cm or 5 inches apart) was pulled behind the ripper to break up large clods of soil 

(Daniel Olford personal communication December 2000) in the final pass with the ripper.  

This operation was performed relatively late in the year when soils were too wet for 

optimal breaking of compacted soil and ripper shanks sliced through the soil more than 

would be ideal, “like slicing a pie,” according to Al Nitta (personal communication 5 

January 2001). 

This experiment was drill seeded with the mixture of species that were selected to 

be compatible with the conditions at the site (Table 1) at 4.4 lbs/acre.  Drill seeding was 

conducted using a 1.82 m (6 feet) wide Truax Flex II no-till grass drill (Model IXII-88, 

Truax Company, Inc., 3609 Vera Cruz Avenue North, Minneapolis, Minnesota 55422) on 

19 December 1996 (previous chapter, Photo 5).  Seed was mixed with a bulking agent 

(wheat product horse feed supplement) in order to achieve the appropriate seeding 

density.  A hydromulch layer with fiber (898 kg/ha or 800 lbs/acre) and fertilizer (224 

kg/ha or 200 lbs/acre) (described in Appendix 1) was applied to the experiment on 20 and 

23 December 1996 using a 1992 Model T330 Finn Hydroseeder (previous chapter, Photo 

8).   

 Each treatment plot was 39.6 m long and 12.2 m wide (the width of the median). 

One of five management treatments was assigned to each plot.  The treatments were: 

(1) No treatment control 

(2) Mowing only 

(3) Mowing with pre-emergence herbicides 

(4) Mowing with broadleaf herbicides 

(5) Mowing with pre-emergence and broadleaf herbicides 
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Table 1.  Perennial grass seeding rates for broadcast and drill treatments based on pure 
live seed.  Hydroseed treatment was seeded with 25% more pure live seed seed by 
weight.  Species authors are according to Hickman (1993). 
 

Seeding density  
Species seeds/m2 kg/ha 

Elymus glaucus Buckley var. Yolo Bypass 
blue wildrye 59 2.92 

Hordeum brachyantherum ssp. brachyantherum 
Nevski var. Salt 
meadow barley 

72 4.40 

Hordeum brachyantherum  
ssp. californicum Nevski var. Prostrate 
California barley 

96 3.18 

Nassella pulchra (A. Hitchc.) Barkworth  
var. Jepson Prairie 
purple needlegrass 

60 2.80 

Poa secunda ssp. secunda J. S. Presl 
pine bluegrass 957 4.10 

Melica californica Scribner 
California melic 

159 1.39 

Total 1,403 18.80 
 
 

There were initially 4 replications of each treatment.  Due to weather, 

miscommunication and difficulties in managing the logistics of experimental treatment 

needs in addition to normal maintenance workloads, most of these treatments were not 

applied and none of them were applied to all 4 replications.   

 All plots but the no treatment controls were mowed in the spring of 1997.  The 

northern blocks were mowed approximately one month prior to the southern blocks.  The 

same plots were mowed again 10-11 July 1997. 

The pre-emergence herbicide Pendimethalin (Pendulum ®) was applied at a rate 

of 1 gal/acre on 23 October 1997.  It was only applied to the plots that were assigned to 
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the pre-emergence herbicide and pre-emergence with broadleaf herbicides treatments in 

replicate 4 due to a misunderstanding about the area that should be treated. 

 Sections to receive broadleaf herbicides were marked out 20 March 1998. 

We planned to apply the broadleaf specific herbicide triclopyr (Garlon 4 ®), but were 

unable to due to rain that would have eliminated its effectiveness.  The weather then 

became too warm for safe use of the chemical, which is prone to volatilize, drift and can 

cause damage to plants in non-application areas in warm weather.     

 10-12 March 1998 all plots but the no treatment controls were mowed, but only in 

replications 1 and 2 due to misunderstanding about the extent of the experiment. 

1996-7 and 1997-8 Climate 

The total precipitation in Davis (approximately 20 km north-west from the 

experiment site with rainfall patterns similar to the experiment site) for 1997 was 467.36 

mm (18.4 in), near the thirty-year average of 460.05 mm (18.1 in) (Owenby and Ezell 

1992).  Despite this, the pattern of rainfall was unusual.  In January 219.96 mm (8.7 in) of 

precipitation fell, 220% of the thirty-year average, causing considerable flooding at the 

experiment site (previous chapter, Photo 3).  Precipitation in Februrary, March and April 

was a fraction of normal with 0.9%, 16% and 11% of the thirty-year average falling.  In 

May and June rainfall was about 30% higher than the thirty-year average, which extended 

water availability for plant growth. 

The second wet season began in the autumn of 1997 with 111.0 mm (4.4 in) of 

rain falling in November, about 150% of the thirty-year average.  Rainfall for December 

1997 and January 1998 were close to the average, but precipitation was well above 

average for February (297.94 mm or 11.7 in, 410% of the thirty year average) and May 
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(59.44 mm or 2.3 in, 835% of the thirty year average).  Precipitation was below average 

for March (47.24 mm or 1.9 in, 70% of the thirty year average).  Overall during 1998, 

565.15 mm (22.2 in) of rain fell, 123% of the thirty-year average.  This year was an 

above normal rainfall year and water availability was extended due to considerable 

precipitation late in the season.  

The pattern of rainfall during the critical period for germination of the perennial 

grass seeds was favorable for establishment.  In December, there were four to six days 

between rainfall events, except for one 13-day drought.  However, rainfall events in 

December were poorly timed with respect to the hydroseed treatment application, as 

described below, and caused flooding of the site.  In January and February, there was one 

nine-day drought, otherwise only one to three days between storms.    

 Although rainfall was conducive to establishment, temperatures were too low for 

seed germination at the time of seeding.  According to data collected at the NOAA 

Reference Climatological Station operated by the Department of Land, Air and Water 

Resources, University of California, Davis, the average air temperature was 13.3 °C (56 

°F) and 12.2 °C (54 °F) and the average soil temperatures were 10.6 °C (51 °F) and 10.0 

°C (50 °F) during December 1996 and January 1997, respectively.  These temperatures 

are at the lower boundary of the range suitable for germination of most species (Mayer 

and Poljakoff-Mayber 1963).   

Monitoring 

 Monitoring was conducted in a manner similar to the seeding method and soil 

preparation method experiment.  The first evaluation of this experiment took place in 

1998 because 1997 was the establishment year and management methods were not 



 55

applied until 1998.  We measured percent cover and height of individual perennial grass 

species as well as cover, height and identity of weeds.  All data were collected on 29 

April 1998.  We monitored two transects (eight samples) in each of the areas that 

received a management treatment and the area in the same replicate that did not receive 

that treatment.  Sampling for the effect of pre-emergence herbicide was conducted in 

replicate 4, the only area that received the treatment.  A two-sample t-test was used to 

determine if the means of the two treatments were different.  We monitored the effect of 

mowing in replicates 1 and 2.  Analysis of variance (ANOVA) was used to test for 

treatment effects.  Each sample or quadrat was treated as if it were an independent 

observation.   

 

RESULTS 

 Pre-emergence herbicide application reduced the cover of weeds to about 30% of 

the level found in plots that did not receive the herbicide (Table 2, P = 0.0007) (Photos 1, 

2, 3 and 4).  Percent cover of perennial grasses was about three times higher in plots that 

received pre-emergence herbicide (Table 2, P = 0.003).  Percent cover of Hordeum 

brachyantherum was higher in pre-emergence herbicide plots (P = 0.002), and the same 

statistical trend was present for Elymus glaucus (P = 0.05) (Table 2).  Although effects on 

cover could not be detected for other species of perennial grass due to low statistical 

power (power = 0.06 and 0.05 for Hordeum californicum and Nassella pulchra, 

respectively, i.e. there was a 6% and 5% chance of detecting a real effect if it were 

present), the means exhibited a similar pattern.  Height of the perennial grasses was not 

affected by the application of pre-emergence herbicides (Table 2, P = 0.97).  We were 
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unable to detect an effect of fall application of pre-emergence herbicide on spring 

perennial grass seedling densities.  However, the probability that we would be able to 

detect an effect if it was present given the amount of variation and number of 

observations was very low (power = 0.06).   

 
Table 2.   Percent cover of weeds and perennial grasses, perennial grass height and 
perennial grass seedling densities (mean ± standard error of the mean).  Means of pre-
emergence herbicide treatments that are significantly different are indicated (+, *, **, *** 
P < 0.1, 0.05, 0.01, 0.001, respectively). 

Response variable Plant type or species With pre-emergence 
herbicide 

Without pre-
emergence herbicide 

Weed 44.69 ± 17.21 *** 150.94 ± 17.44 

Perennial grasses 111.25 ± 17.60 ** 31.56 ± 14.12 

Elymus glaucus 42.50 ± 10.65 + 16.25 ± 6.46 

Hordeum brachyantherum 
ssp. brachyantherum 

51.25 ± 13.14 ** 2.19 ± 1.86 

Hordeum brachyantherum 
ssp. californicum 

11.25 ± 6.01 7.81 ± 7.81 

Percent cover 

Nassella pulchra  6.25 ± 2.59 5.31 ± 4.61 

Height (cm) Perennial grasses 68.60 ± 5.11 68.33 ± 5.11 

Seedling density 
(seedlings/m2) 

Perennial grasses 18.75 ± 9.15 25.00 ± 9.45 

 
 

Table 3.   Percent cover of weeds and perennial grasses, perennial grass height and 
perennial grass seedling densities (mean ± standard error of the mean).  Means of mowed 
and not mowed treatments are not significantly different at significance level 0.05. 
 

Response variable Plant type Mowed Not  mowed 

Weed 160.31 ± 9.83 163.39 ± 10.51 
Percent cover 

Perennial grasses 35.56 ± 8.83 43.12 ± 8.83 

Height (cm) Perennial grasses 36.02 ± 2.84 43.16 ± 2.84 

Seedling density 
(seedlings/m2) Perennial grasses 63.33 ± 28.31 96.87 ± 27.41 
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 We detected no effects of mowing on percent cover of weeds or perennial grasses, 

height of perennial grasses (i.e. they had recovered their height be the time we sampled), 

or density of perennial grass seedlings (Table 3) (Photos 5, 6 and 7). 

 

DISCUSSION 

 As expected, the use of pre-emergence herbicides improved the performance of 

native perennial grasses and reduced the success of species that were not planted (Photos 

1, 2, 3 and 4).  The use of these herbicides has been widely recommended because of 

these benefits.  However, negative effects of the pre-emergence herbicide oryzalin 

(Surflan ®) on established Poa secunda ssp. secunda have been observed (Bugg and 

Brown unpublished data). 

Although we cannot broadly apply our conclusions due to lack of replication and 

low statistical power, the mowing treatment neither benefited the seeded grasses nor 

reduced the cover of weeds (Photos 5, 6 and 7).  It has been suggested that this method 

may perform both of these functions (Anderson 1993), although controlled experiments 

have not been performed.  More work needs to be done in order to understand how well-

timed mowing can be used as a tool for management of perennial grasses as seedlings.   

 This experiment represented the opportunity for many branches of the California 

Department of Transportation to be involved in developing new vegetation management 

methods that will help achieve the goals of lower herbicide use.  However, the 

experiment was added to the normal responsibilities of maintenance forces and it could 

not be made a high priority.  Therefore, we did not get the response from maintenance 

that was necessary for success of the project.   
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RECOMMENDATIONS 

 There is still a tremendous need to develop cultural practices for long-term 

management of perennial grasses on roadsides.  The results of this experiment would 

have provided excellent basic information to help fill the gaps in our knowledge about 

management of perennial grass stands after initial establishment had the experiment been 

executed as designed.  The problems were largely due to this project being added to the 

normal workloads of biological and maintenance personnel and the absence of on-site 

supervision by someone with detailed information about the experiment, its design and 

intent at the time of the maintenance activities.  Department of Transportation personnel 

were cooperated with this project and did their best to do what was needed as requested.   

We believe that a similar long-term experiment should be conducted in the future.  

To avoid the problems encountered in the experiment reported here, independent 

contractors should be hired to perform all soil preparation, seeding, treatment and 

maintenance activities.  This will ensure that treatments are applied properly.  Another 

improvement that can be incorporated into future studies will be to require the presence 

of a supervisor who is knowledgeable about the experimental design and objectives when 

each of the activities is carried out.   

The involvement of Department of Transportation personnel, at the minimum as 

advisors, is essential.  The relevance of experimental treatments (e.g. specifications for 

herbicide use) will suffer without their input and advice.  However, they should not be 

expected to apply the treatments or collect the data, unless these activities are recognized 

as part of their normal workload and responsibilities and are treated that way by their 
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supervisors.  We believe that the relevance of the questions addressed and the 

information learned through any experiment will be transferred into practice most 

efficiently when Department of Transportation personnel who will utilize the methods 

tested are intellectually and physically involved in development and execution of the 

experiment.   However, due to our previous experience, we recommend a larger role for 

independent contractors in the future.  This will eliminate the benefit of direct 

participation of Department of Transportation maintenance personnel in these activities.  

We suggest that education and training of Department of Transportation personnel also 

be included as a research activity in order to integrate the knowledge gained from 

experiments into standard maintenance protocols.   
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Photo 1 and 2 – With pre-emergence herbicide (4/13/98) 

 
 
 
 
 
 
 
 
Photo 3 and 4 – No pre-emergence herbicide (4/13/98) 
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Photo 5 – Border between mowed (right) and unmowed (left) treatments on 13 April 
1998. 
 
 

 
 
 
 
 
There was no visible difference between the mowed and not mowed treatments on 29 
April 1998.  
Photo 6 – Mow treatment   Photo 7 – No mow treatment 
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ABSTRACT 

We studied the effects of compost, slow-release nitrogen fertilizer and different 

types of straw mulch  [rice (Oryza sativa), wheat (Triticum aestivum) and blue wildrye 

(Elymus glaucus)] on the establishment and growth of California native perennial grasses 

in a factorial experiment.  Perennial grasses responded to interactions between nutrient 

availability, weeds and volunteers of the mulch species.  They performed best in rice 

straw mulch, having better nutrient status and growth.  Growth and nutrient status of 

perennial grasses were most poor with blue wildrye straw mulch.  Rice straw had the 

lowest amounts of weeds and volunteers from mulch, blue wildrye straw had the highest 

amounts, and wheat straw was intermediate.  Nitrogen status of seeded perennial grasses 

was highest in rice straw treatments, lowest in blue wildrye straw mulch and intermediate 

in wheat straw mulch.  Differences in decomposition rates of the straws and resulting 

differences in nitrogen immobilization may have been responsible for the patterns in 

perennial grass performance that we detected.  The addition of compost benefited weeds, 

but not perennial grasses unless weeds were removed.  Competition from weeds 

suppressed the growth of perennial grasses, but this negative effect was ameliorated by 

the addition of slow-release nitrogen fertilizer.  We suggest that rice straw is a superior 

mulch because had less potential of containing weeds and mulch volunteers that compete 

with seeded species and because it resulted in the best performance of seeded perennial 

grasses in our study.  Whatever straw is applied, it should be weed free.   



 

 65

INTRODUCTION

The appropriate cultural practices to apply in revegetation projects using native 

perennial grasses have yet to be established.  Many currently used methods provide a 

great deal of promise, but their efficacy individually and in combination need to be 

tested.  Applying soil amendments that will immobilize nitrogen and release it slowly can 

be a valuable tool in successful revegetation and restoration of plant communities 

(Morgan 1994; Zink and Allen 1998).  The practice may provide an advantage for slower 

growing native perennial species in competition with fast growing, weedy species that 

benefit from high nitrogen conditions (Chapin 1980; Jackson et al. 1988; Hart et al. 1993; 

Davidson et al. 1990; Claassen and Marler 1998; Zink and Allen 1998) (but also see 

Wilson and Gerry 1995 and Reever Morghan and Seastedt 1999).  

  The use of soil amendments that provide small amounts of nitrogen over long 

periods of time can also encourage the establishment and persistence of vegetation on 

severely degraded sites (Claassen and Hogan 1998, Brown et al. 1998).  On revegetation 

sites in the Lake Tahoe Basin, Claassen and Hogan (1998) found that total nitrogen and 

mineralizable nitrogen, forms of nitrogen that are not immediately available to plants but 

become available over a period of months, were better correlated with vegetation cover 

than readily available ammonium and nitrate.  Claassen and Hogan (1998) recommended 

 "the use of amendments with slow N release rates so that the N applied to the site will be 

retained in the soil until it is incorporated into plant tissue (page i, Abstract)."  Similar 

results were detected in a study comparing relict stands of native perennial grasses and 

revegetation sites throughout California.  In this study, the same less readily available 

forms of nitrogen were more abundant in relict stands of perennial grasses than 
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revegetation sites (Brown et al. 1998).  Soils of relict sites also tended to have higher 

organic matter content than revegetation sites. 

Slow-growing perennial grasses can benefit from limited nutrient availability 

when competing with fast-growing species.  Claassen and Marler (1998) found that 

growth of the introduced annul grass Bromus hordeaceus exceeded that of the native 

perennial Elymus glaucus, at levels of 50-100 uM (0.7 – 1.4 ppm) N or higher, but that 

there was no difference between performance of the two species or the pattern was 

reversed at lower levels.  The soil solution nitrogen levels tested by Claassen and Marler 

were low compared to those provided by typical erosion control nitrogen applications. 

Standard erosion control fertilizer applications of 250 kg 16:20:0 dissolved in a soil with 

bulk density of 1.3 and 25% water content would result in 82 ppm N (Victor Claassen 

personal communication 13 December 2000) and values of 100-150 ppm are common in 

soils (Reisnenaur 1964).  These findings indicate that high-levels of soluble nitrogen can 

favor weedy exotic species over native perennials. 

The application of straw mulch is a common practice in erosion control and 

revegetation.  The benefits of surface mulch for establishing plants from seed have been 

well demonstrated (Dudeck et al. 1970; Clary 1983; Gupta et al. 1984; Phillips and 

Phillips 1984; Kwon et al. 1995; Abrecht et al. 1996; Bautista et al. 1996; Byard et al. 

1996; Cavero 1996; Rahman et al. 1997).  Surface mulch application also has well-

known erosion control benefits (Osborn 1954; Meyer et al. 1970; Kay 1978; Clary 1983; 

Bautista et al. 1996).  Applying mulches to the soil surface can result in increased 

immobilization of nitrogen similar to incorporation of soil amendments with high C:N 

(carbon to nitrogen ratio).  Zink and Allen (1998) applied pine bark, which has high C:N 
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and decomposes very slowly, and oat straw, which has lower C:N and decomposes less 

slowly, to plots with planted seedlings of Artemisia californica (California sagebrush) 

and Nassella pulchra (purple needlegrass).  Amended plots had lower ammonium and 

nitrate in the soil under the mulch compared to the unamended control for all but one of 

the sampling events, while total nitrogen levels remained similar in all three treatments.  

Frey et al. (2000) found convincing evidence that fungi play an important role in 

translocation of nitrogen from the soil into organic matter on the soil surface, thereby, 

reducing nitrogen availability in soils.  Holland and Coleman (1987) also showed that 

placement of straw on the soil surface led to immobilization of nitrogen, and slowed the 

loss of organic matter and nutrients.  Plots with straw on the surface had more fungi than 

plots with incorporated straw and the authors suggest that fungi may be important 

decomposers of surface straw.  Fungi are able to utilize both carbon in the straw on the 

soil surface and nitrogen within the soil through their network of hyphae and are better 

able to tolerate dry conditions than bacteria.  Holland and Coleman (1987) also found that 

straw was drier, soils were moister and soil temperature was moderated in the surface 

straw treatments compared to the incorporated straw treatments.   

Straw mulch is typically applied to erosion control plantings after road-

construction at a rate of 4,500 kg/ha (4,000 lbs/acre) (Haynes personal communication, 

Kay 1978, Barnett et al. 1967).  Wheat and barley straws have been the most easily 

obtainable and most widely used straw mulch in the past.  However, there are now 

several alternatives to wheat and barley straw available.  Rice straw is abundant since 

burning of rice fields post-harvest has been reduced in the Central Valley of California 

(Pal and Broadbent 1975).  Use of rice straw for erosion control would provide a valuable 
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market for this agricultural by-product and, indirectly help improve air quality through 

reduced burning.  Rice straw may also be preferable to wheat or barley straw for 

revegetation because it and its associated weed flora are adapted to flooded conditions.  

As recognized by Clary (1983), these wetland plants may compete significantly less with 

species seeded for erosion control than wheat, barley and their associated dryland weeds 

because they are less likely to survive under typical upland revegetation conditions. 

    However, at least one revegetation specialist has reported poor performance of 

native perennial grasses when rice straw mulch is applied after seeding (Scott Stewart 

personal communication).  Because of its high silica content (Nassar 1999) rice may 

decompose less quickly than other types of straw.  This may, in turn, result in reduced 

nitrogen immobilization compared to more labile materials (Singer and Munns 1987).   

Relatively more nitrogen may be available under rice straw mulch in the first year after 

application than other types of straw mulch that decompose more readily.  In addition, 

slower decomposition of rice straw may protect the soil surface for a longer period of 

time than other types of straw mulch.   

 Rice straw may have negative effects on the growth of other plants because it 

contains phytotoxic compounds.  The allelopathic (i.e. effects on the growth of plants 

mediated by plant-produced chemicals) potential of different accessions of rice varies and 

is reduced in cultivars that have been subjected to selection for yield or other factors 

(Olofsdotter et al. 1995).  Most allelochemicals are released during rice germination and 

early growth, they are also present in straw (Olofsdotter et al. 1995).  These compounds 

can be extracted by water and their phytotoxicity is greater in extracts from a mixture of 

soil, straw and fertilizer than soil and straw mixtures, soil and fertilizer mixtures or soil 
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alone (Chou 1981).  Other straws, including oat, wheat and barley, have also been shown 

to have allelopathic effects on Rubus idaeus (red raspberry) (Jobidon et al. 1989a), but no 

effect on black spruce seedlings (Jobidon 1989b). 

Rice straw also has greater loft than other types of straws, resulting in a thicker, 

less dense layer for a given weight of rice straw.  Because of this, it is typically specified 

at the lower rate of 3,375 - 3,940 kg/ha (3,000 - 3,500 lbs/acre) than other types of straw 

(John Haynes personal communication). 

Now that native perennial grass seed is being produced commercially, straws of 

these species have become available for erosion control projects.  One of the benefits of 

using these straws is that volunteers of the straw species can contribute to the stand of 

desirable vegetation.    It is also possible that native grasses have evolved to grow best 

under the vegetation of their own species or other native species.  They may benefit from 

the particular light, nutrient and chemical environment created by native grass straws, but 

this hypothesis has not been investigated.  Native grasses, when used as straw mulch, 

have the disadvantage of being upland species like wheat and barley.  The weed flora 

contained in their straws is more likely to be adapted to erosion control planting sites and 

may compete significantly with the seeded species, although Clary (1983) noted that 

native grass straw may minimize weed problems. 

In this experiment, we investigated the effects of (1) soil amendments including 

low nitrogen availability compost and slow release synthetic nitrogen fertilizer and (2) 

straw mulch application, including different applications rate and straw types, on the 

establishment and growth of a seeded mixture of California native perennial grasses and 

resident vegetation.  We designed the experiment to gain insight into the relative 
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advantages these cultural practices gave weeds and seeded species in order to develop 

recommendations that will maximize benefits to the seeded species and minimize those to 

weeds. 

 

METHODS 

Site description 

The experiment was conducted in Yolo County, California on Corning gravelly 

loam soil from fall 1997 through spring 1998 (Photo 1). Concentrations of nitrate in soil 

samples from the experimental site were 2 ppm at 0-10 cm and 9 ppm at 20-30 cm 

(Brown et al. 1998).  The experiment was an incomplete split-split block design with five 

blocks.  The main plot factor was soil amendment level.  Straw mulch treatments (low 

and high-levels of wheat, rice and California native perennial grass straw [Elymus 

glaucus Buckley]) were completely randomized within each of the compost treatments as 

the split-plot factor.  Each strip of plots was then divided in half and weed control was 

either applied or not as the split-block treatment (Figure 1).  There was also a control 

without compost, which did not include nitrogen fertilizer amendment but included the 

other fertilizers added to the compost treatments.  In this control the only split plot factors 
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included were no-mulch and low and high wheat straw, making the experiment an 

incomplete factorial design.  Randomization of the no-compost control was restricted to 

the northern half of the experiment area because of the locations of beds in the southern 

half that had not been prepared for seeding. 

Precipitation 

The wet season for 1998 began in the fall of 1997 with 111.0 mm of rain falling in 

November, about 150% of the thirty-year average.  The experiment is shown in Photo 4 

on 20 November 1997, after initial germination and in Photo 5 on 11 November 1998, at 

the beginning of the second growing season.  Rainfall for December 1997 and January 

1998 were close to the average, but precipitation was well above average for February 

(297.94 mm, 410% of the thirty year average) and May (59.44 mm, 835% of the thirty 

year average).  Precipitation was below average for March (47.24 mm, 70% of the thirty 

year average).  Overall during 1998, 565.15 mm of rain fell, 123% of the thirty-year 

average.  This year was an above normal rainfall year and water availability was 

extended due to considerable rainfall late in the season.  The pattern of rainfall during the 

critical period for germination of the perennial grass seeds was favorable for 

establishment.  The first precipitation after seeding fell in November and was very 

consistent; there were no more than two days without rain after the first rainfall was 

measured that month.  In December, there were four to six days between rainfall events, 

except for one 13-day drought.  In January and February, there was one nine-day drought, 

otherwise only one to three days between storms. 
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Soil preparation 

The experimental area was sprinkler irrigated September 9-16, 1997.  The area 

was watered for 12 hours (7/64 " nozzles, approximately 35 psi, 2.05 gpm) for a total of 

6.42 gal/ft2 (liter/m2).  On September 25, 1997 the existing beds (152 cm or 60 inches 

wide) were harrowed and reformed using a spring-tooth harrow with shovels mounted on 

a tractor.  Due to the configuration of the tractor implement which harrowed three beds at 

a time, and in order to leave beds between treatments unharrowed to preserve established 

native grasses growing there, the two beds in the middle of each compost treatment were 

harrowed twice as many times as the two beds on the outer edge.  Beds were harrowed to 

as equally fine soil structure as possible and to a depth of 10 cm.  This required 5 passes 

with the tractor (the two inner beds on each set of four beds for each compost treatment 

received 10 passes).  The four northern beds were not moist enough to harrow to 10 cm 

so they were further irrigated September 25-27, 1997 (7/64 " nozzles, approximately 35 

psi, 45 hours, 2.05 gpm).  12.04 gal/ft2 was applied.  On October 10, 1997 these beds 

were harrowed several times until of comparable consistency to other beds.  Remaining 

beds to the south were harrowed once more on the same date.   

Compost 

Before soil amendments were applied, soils contained on average 9.65 ± 1.11 kg 

extractable (i.e. immediately available) nitrogen per hectare and 45.77 ± 1.73 kg 

mineralizable (i.e. available over a period of weeks to months) nitrogen.  The compost 

was a municipal biosolids and greenwaste product (Hydropost, Organics International, 

Irvine, CA, U.S.A.).  Compost was amended with available phosphate (1.90 %) from 

triple superphosphate, soluble potassium phosphate (3.34 %), sulfur (3.34 %), and 
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magnesium (1.67 %) from potassium magnesium sulphate (KMgSO4 0:0:22).  These 

nutrients were also added at the same rate to the no compost control treatment.  0.97 % 

and 1.92 % nitrogen from equal weights of the slow release nitrogen fertilizers 

isobutylidene diurea (IBDU) and urea-formaldehyde were added to compost to create low 

and high nitrogen level treatments, respectively.  This corresponds to 15.48 kg N/ha 

(13.73 lb N/acre) and 31.43 kg N/ha (27.89 lb N/acre) for the low and high nitrogen 

levels, respectively.  Amended compost was applied by hand at a rate of 91.4 m3/ha (48.4 

yrd3 per acre) and rototilled into soil to the depth of 2.54-10 cm (1-4 inches).    The 

compost itself contained approximately 1.65 % N (Claassen and Hogan 1998), so 

contributed no more than 878 kg N/ha (782 lb N/acre), although no more than about 128 

kg N/ha (114 lb N/acre) would probably become available to plants (see below).  A third 

compost treatment included no nitrogen fertilizer, containing only phosphate, potassium, 

sulfur and magnesium at the same final rates.In incubations described in Claassen and 

Hogan (1998), the total nitrogen content, the amount of nitrogen released and its rate of 

release were determined for different soil amendments mixed with soil substrate over an 

18 week period.  In this study, a wide variety of soil amendments including highly 

soluble forms of nitrogen, slow release chemical formulations and organic matter based 

blends were compared.  Hydropost had relatively low cumulative nitrogen release of 

14.56 % over a four-month incubation and slow nitrogen release rates of 0.15 % between 

the 12th and 18th weeks of the incubation.  In similar tests, IBDU had cumulative nitrogen 

release of 60.97 % and a monthly release rate of 2.73 %, while urea formaldehyde had 

cumulative nitrogen release of 34.80 % and monthly release rate of 1.36 %. 
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Seeding 

A mixture of three species of California native perennial grasses was seeded on 

October 16, 1997 using a wildflower broadcast seeder (Truax Company, Inc., 3609 Vera 

Cruz Avenue North, Minneapolis, Minnesota 55422), followed with chains to cover the 

seed and a ring roller to compact the soil.  The species included were Melica californica 

Scribner (151pure live seeds/m2,14 seeds/ft2)(from Fisk Creek in the Cache Creek 

watershed), Nassella pulchra (A. Hitchc.) Barkworth (54 seeds/m2, 5 seeds/ft2)(from the 

Stone Ranch, Yolo County, CA), and Poa secunda ssp. secunda (J.S. Presl.) (872 

seeds/m2, 81 seeds/ft2)(from Fisk Creek) (Table 1).   

Mulch 

Straw of Triticum aestivum L. (wheat), Oryza sativa L. (rice), and the California 

native perennial grass Elymus glaucus Buckley (blue wildrye) was applied at two 

different levels, 3,375 kg/ha (3,000 lbs/acre) and 5,625 kg/ha (5,000 lbs/acre).  The 

standard prescription for straw is 4,000 lb/acre.  Mulch was first applied on October 21-

22, 1997 (Photo 2 on 3).  Straw was weighed in plastic garbage bags using an Ohaus 

spring scale (accurate to the nearest 100g) and spread evenly by hand over each 4.67 m2 

plot.  Also on that day, an irrigation ditch overflowed, flooding the furrow between the 

2nd and 3rd beds from the south edge of the experiment and making irrigation of the 

entire experiment necessary.  In order to keep moisture levels comparable throughout the 

experiment, sprinkler irrigation was initiated on October 23, 1997. 
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The irrigation ditch overflowed again on October 25, 1997 flooding the furrows between 

the 2nd and 3rd beds, and 3rd and 4th furrows. On October 24, 1997 a 25 mph north wind 

with 40 mph gusts blew some or all of the straw off of the treatment plots.  Not knowing 

the extent to which different treatments had been affected, all straw was raked from the 

plots by hand on October 27, 1997.  Ability to clear mulch was variable due to the muddy 

conditions in the three southern-most beds caused by the irrigation ditch overflow.  Fresh 

straw mulch was applied on October 28, 1997 and secured by covering it with plastic bird 

netting (1.9 cm, 0.75 inch squares) tacked down with six inch pieces of wire bent in half. 

 A good deal of seed from mulch species, especially wheat, was visible after straw 

removal.  As a result of applying straw twice and being unable to remove the seed that 

fell out of the straw first applied, the seed load of mulch and weed species will be greater 

than if straw had been applied only once. 

Weed control 

Half of each compost, nitrogen, and mulch treatment combination was assigned to 

a weeding treatment.  The treatment was applied in a strip across the different mulch 

treatments within each compost and fertilizer level (the split-plot treatment 

combinations).  Because the weeding treatment was not randomized for each mulch level 

this is a split block factor.  Plots assigned the no weed treatment were sprayed with 

Banvel February 28, 1998 at 1.0 a.i. kg/ha (0.91 a.i. lb/acre).  Banvel is a broadleaf 

specific herbicide that also killed the monocot Juncus bufonius, a common weed in the 

experiment.  Species that were not seeded or were not volunteers from the mulch species 

in each plot were removed by hand April 7-8 and May 15, 1998. 



 

 78

Monitoring 

Monitoring of the experiment began May 5, 1998.  A 0.1 m2 circular quadrat was 

place in the center of each 2.3 m2 plot (1.5 m X 1.5 m, 5 ft X 5 ft).  The non-seeded, non-

mulch species (weeds) providing cover and representing at least 80% of the biomass in 

the quadrat were recorded.  The aboveground biomass of weeds and mulch species were 

clipped and separated into annual grasses, dicots, other moncots and mulch species.  The 

number of seedlings of each of the seeded species rooted within the quadrat were 

counted.  Three individuals of each of the seeded species were measured in order to make 

non-destructive estimates of biomass.  Biomass estimates were based in regressions that 

related non-destructive measures such as height and basal length and width to biomass 

using BMDP New System version 1.0 (BMDP Statistical Software, Inc., Los Angeles, 

California).  Regressions were developed for each species and each phenological stage 

(i.e. vegetative or flowering) and included the range of plant sizes sampled during 

monitoring.   

Weed and mulch biomass samples were kept cool in the field by placing them in 

an ice chest with frozen ice packs.  At the end of each day, the biomass samples were 

dried at 105 º C for 1 hr. then 60-65 for 24 hrs.  Dried samples were cooled then weighed. 

Individual M. californica and N. pulchra plants were harvested on 22 or 26 May 

1998 for tissue nutrient content analyses.  Within high mulch level treatments, four 

individuals from blocks I and II and two individuals from blocks III, IV and V were 

collected from each treatment combination plot and pooled in a single sample.  Harvested 

plants were kept cool until the end of the day when they were placed in a 40 º C oven and 

dried to constant weight (48 or 96 hours).  Leaf tissue (no crowns) was ground and total 
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carbon and nitrogen determined using Carlo Erba NA 1500 (dry combustion, gas 

chromatography, thermal conductivity detection; Dumas 1831). 

Data analysis 

The experiment was analyzed in two parts using analysis of variance (ANOVA).  

All treatments that included compost were included in a single analysis to evaluate the 

effects of nitrogen fertilizer and mulch level and type.  In a second analysis, the mulch 

treatments without compost were compared to the corresponding mulch treatments that 

included compost in order to evaluate the effect of compost.  The effects of no-mulch and 

two levels of wheat mulch were also evaluated in this analysis.  The effects of weeds and 

the interactions between weeds and other factors were evaluated in both analyses. 

The raw data did not meet assumptions of ANOVA, in particular, the variances 

were not equal.  Log transformation of the data corrected this problem for a few of the 

response variables, but not for most of them.  As a result, the raw data were ranked and 

the ranks were analyzed, a method that does not require variances to be equal and is 

generally considered to be more conservative (i.e. less likely to detect a true difference)  

(Conover and Iman 1981, Hora and Conover 1984, Iman et al. 1984).  The rank 

transformed analysis is somewhat controversial because there may be problems detecting 

significant statistical interactions (Seaman et al. 1994).  However, a simulation study by 

Pirie and Rauch (1984) indicated that the rank method is more powerful than the standard 

approach when data are not distributed ideally, even for detecting interactions.  Results 

based on ranked data are reported except for percent carbon and nitrogen for Nassella 

pulchra for which the untransformed data were analyzed.  Reported probability levels (P 
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values) are for ANOVA unless specified otherwise (e.g. linear contrast or Tukey's 

Studentized Range Test). 

Differences between mulch treatment means were determined using planned 

linear contrasts that compared (1) the no-mulch control to the mean of all other mulch 

treatments, (2) the no-mulch control to the mean of the low-level of the three mulch 

types, (3) the no-mulch control to the mean of the high-level of the three mulch types, (4) 

the mean of both levels of rice straw to the mean of both levels of wheat and blue wildrye 

straw, (5) the low-level of rice straw to the mean of the low-levels of wheat and blue 

wildrye straws, (6) the high-level of rice straw to the mean of the high-levels of wheat 

and blue wildrye straws and contrasts analogous to (4), (5) and (6) with blue wildrye 

straw in place of rice straw.  In some cases, Tukey's Studentized Range Test was used for 

post-hoc mean separation.  Analyses were performed with SAS for Windows version 

6.10 and 6.12 (SAS Institute, Cary, North Carolina, U.S.A.).   

 

RESULTS  

Compost effects 

 In this section we present the results of the comparison of the two compost 

treatments (with and without compost) without nitrogen fertilizer and selected mulch 

levels (low wheat straw, high wheat straw and no-mulch). 

Mixture of perennial grasses and individual species 

The density and biomass of the perennial grass mixture (averaged across all 

species) were not affected by addition of compost (without nitrogen fertilizer) (P = 0.54 

and 0.22, respectively).  There was no effect of compost, mulch or weeds on Poa and 
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Nassella densities (P > 0.05).  Melica, on the other hand, had higher densities with mulch 

than without it (P = 0.01) for this group of treatments.  Growth in the plots without 

compost are shown in Photo 8 and can be compared to Photo 9 to which wheat straw was 

applied and Photo 10 to which compost but no mulch was added. 

Compost and mulch treatments had no effect on Poa biomass, but this species 

tended to produce more biomass when weeds were removed (9.4 + 1.1 g/m2) than in the 

presence of weeds (6.6 + 0.8 g/m2) (P = 0.06).  This response to weeds was not observed 

when the treatments that included compost and nitrogen fertilizer were considered.  Like 

Poa, the biomass of Melica was unaffected by compost.  However, Melica differed from 

both Poa and Nassella in that it responded to mulch treatments (P = 0.02) and produced 

more biomass at the high-level of wheat mulch (2.4 + 0.3 g/m2) than without mulch (1.3 

+ 0.2 g/m2) (Tukey's Studentized Range P < 0.05).  Like Poa, Melica produced more 

biomass when weeds were removed (P = 0.04) in these treatment combinations.  

However, Nassella biomass was not affected by the presence of weeds (P = 0.39) and 

was greater with compost than without it (P = 0.02).  The response of Nassella to 

compost depended on mulch level (P = 0.02) (Figure 2).  Nassella biomass was higher 

with compost than without compost when neither mulch nor nitrogen fertilizer was 

applied, but there was little difference between the two compost treatments with either 

wheat straw levels.  Mulch appeared to eliminate the benefit of compost for Nassella.  

This result suggests that straw mulch immobilized nitrogen, making it less available to 

Nassella plants, or that wheat straw had a negative effect on Nassella through allelopathy 

(Jobidon et al. 1989a, 1989b), or both. 
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Figure 2.  Biomass produced by Nassella with different mulch treatments depended upon whether or not 

compost had been applied.  Wheat 1 treatment was 3,375 kg/ha; wheat 2 treatment was 5,625 kg/ha.  The 

mean ± the standard error of the mean is plotted.
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Weeds 

There was over twice as much weed biomass in the treatment with compost 

(333.6 + 66.3 g/m2) than the treatment without compost (143.0 + 29.5 g/m2) (P = 0.008). 

Nitrogen and mulch effects 
 In this section, we compare treatments that received compost, the three slow-

release nitrogen fertilizer treatments (none, low and high) and seven mulch treatments 

(two levels each of three types of straw plus the no-mulch control).  Samples of each of 

the treatments can be compared in Photos 11 through 19. 

Mixture of perennial grasses and individual species 

In an analysis of the plots that received compost and varying levels of nitrogen 

fertilizer, we found no effects of fertilizer, mulch or weeds on the density of the mixture 

of perennial grasses (P = 0.64, 0.69 and 0.17, respectively).  Photos 6 and 7 illustrate that 

there was little difference in initial germination between plots with and without mulch.  

However, there was a significant interaction between mulch and weeds (P = 0.02) (Figure 

3).  The density of perennial grasses depended upon which straw mulch was applied, at 

which level and whether or not weeds were removed.  These varied responses cancelled 

each other out so that there was no overall effect of either mulch or weeds alone. 

When the treatments that included compost and varying levels of nitrogen 

fertilizer were considered, Melica response to mulch was marginally insignificant (P =  
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       MULCH*WEED INTERACTION
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Figure 3.  Changes in the density of the perennial grass mixture in response to weeds
depended upon mulch treatment.  Straw mulch was applie at 3,375 kg/ha in level 1 and
5,625 kg/ha in level 2. Means + standard error of the mean are plotted.
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Figure 4.  Response of Poa biomass and density to weeds depended upon mulch 
treatment.  Mulch 1 = 3,375 kg/ha, mulch 2 = 5,625 kg/ha (mean + standard error 
of the mean)
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 between mulch and nitrogen level for Nassella density (P = 0.01) (Figure 4b), meaning 

that the response of Nassella density to nitrogen depended upon which straw mulch had 

been applied.  Without nitrogen added, the highest densities were in the no-mulch 

treatment and lowest in the high-level mulch treatments, with the low-level mulch 

treatments intermediate.  At the low nitrogen level, Nassella densities were greater in the 

no-mulch and high-level mulch treatments than the low-level mulch treatments.  At the 

high nitrogen level, the high-level mulch treatments were interspersed with the other 

mulch treatments.  This patterns hints that addition of nitrogen fertilizer reduced a 

negative effect that high mulch levels may have had on seeded perennial grass densities.   

We also found that Poa and Melica densities were increased by the removal of 

weeds (P = 0.02 and 0.0009, respectively) (Table 3). 

There was a strong effect of mulch treatments on the biomass of the perennial 

grass mixture (P = 0.0004) (Table 4) when all mulch types and amounts, including the 

control without mulch, were compared (all plots in the comparison received compost).  

Surprisingly, the differences were not between plots with and without mulch, but between 

the types and amounts of mulch applied.  There was no difference between plots with 

mulch and plots without mulch (linear contrast P = 0.17), plots with the low-level of 

mulch and plots without mulch (linear contrast P = 0.24), or plots with the high-level of 

mulch and plots without mulch (linear contrast P = 0.17).  Perennial grasses produced the 

most biomass in rice straw treatments compared to the average of the other straw mulch 

treatments (i.e. the average in the rice treatments was greater than the average across the 

other mulch treatments, excluding the control without mulch) (linear contrast P = 
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Table 4.  Biomass of perennial grasses for mulch treatments.  Straw was applied at 3,000 
lbs/acre for level 1 is and 5,000 lbs/acre for level 2. N is the number of samples. 
 

Mulch Type N Biomass (g/m2) 

0 28 22.4 + 3.8 

Blue wildrye 1 28 20.9 + 5.0 

Blue wildrye 2 30 14.6 + 1.7 

Rice 1 29 35.7 + 7.6 

Rice 2 29 27.1 + 3.6 

Wheat 1 30 15.7 + 1.7 

Wheat 2 30 14.8 + 1.1 
 
 

0.0001).  Perennial grass biomass was also greater with rice straw when the low-level of 

rice straw was compared to the average of the low-levels of wheat and blue wildrye straw 

 (linear contrast P = 0.0001) and when the high-level of rice straw was compared to the 

average of the high-levels of wheat and blue wildrye straw (linear contrast P = 0.0005). 

Perennial grasses produced significantly less biomass in the blue wildrye mulch treatment 

compared to the average of the other mulch treatments (linear contrast P = 0.0007).  This 

was also true when the low-level blue wildrye mulch was compared to the average of the 

low-level rice and wheat straw (P = 0.009) and when the high-level blue wildrye mulch 

was compared to the average of the high-level rice and wheat straw (P = 0.02).  Mean 

biomass of the seeded perennial grass mixture across all treatments was 28.5 + 7.0 g/m2.    

Perennial grass biomass increased with increasing nitrogen fertilizer levels (P = 

0.036).  However, the response of perennial grasses to nitrogen fertilizer levels depended 

upon whether weeds were present or absent.  A significant nitrogen fertilizer level by 

weed interaction indicated this (P = 0.02).  In treatments receiving compost without 
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nitrogen fertilizer, perennial grasses produced more biomass in the absence of weeds.  

When nitrogen fertilizer was added, biomass of perennial grasses was similar with and 

without weeds (Figure 5) suggesting that fertilizer compensated for the competitive 

effects of weeds.  

When the compost treatments with nitrogen fertilizer were considered, there were 

weak tendencies for Poa to produce more biomass with increasing nitrogen fertilizer (P = 

0.06) and for its biomass production to vary with mulch treatment  (P = 0.09).  This 

species produced more biomass in rice straw treatments compared to the average of the 

other mulches, and in low and high-level rice straw treatments compared to the means 

across other mulch treatments at the same levels (linear contrasts P = 0.0001 all levels, 

0.002 low-level and 0.01 high-level).  This result must be viewed in light of the 

significant interaction between mulch treatment and weeding for Poa biomass (P = 0.02) 

(Figure 6).  Weeding resulted in little difference in Poa biomass for most mulch 

treatments and the no-mulch control.  However, Poa biomass decreased slightly with 

weeding for the rice straw treatments.   This result is difficult to explain and may have 

been the result of weeding errors. 

 Melica biomass was affected by mulch (P = 0.004), but there was no effect of 

nitrogen level (P = 0.42) or weeds (P = 0.73).  Melica produced more biomass when 

mulch was applied, whether comparing the no-mulch treatment to the mean of all other 

mulch treatments (P = 0.0004), the mean of the low-level mulch treatments (P = 0.01) or 

the mean of the high-level mulch treatments (P = 0.002).  Melica produced more biomass 

in rice straw treatments than other mulches (P = 0.005) and in low-level rice straw 

treatments compared to the mean of other low-level mulch treatments P = 0.01).  Melica 
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produced less biomass in blue wildrye straw treatments compared to other mulch 

treatments (P = 0.006) and in low-level blue wildrye straw treatments compared to other 

low-level mulch treatments (P = 0.026).  According to Tukey's Studentized Range test, 

Melica only produced more biomass than treatments without mulch in the rice straw 

treatment (P < 0.05).   

     NITROGEN * WEED INTERACTION
PERENNIAL GRASS MIXTURE BIOMASS
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Figure 5.  Response of perennial grass biomass to nitrogen fertilizer depended 
upon the presence or absence of weeds.  Ferilizer appears to compensate for the 
competitive effect of weeds (mean + standard error of the mean).
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Figure 6.   The response of Poa biomass to weeds depended upon 
the mulch treatment. Means + standard error of the mean are plotted.  

Nassella was similar to Poa in that it did not respond strongly to mulch treatments 

(P = 0.08).  Like Melica, Nassella biomass did not respond to nitrogen level alone (P = 

0.15).  However, Nassella response to nitrogen depended upon mulch treatment, 

indicated by a significant mulch by nitrogen level interaction (P = 0.02) (Figure 4 a).  

Nassella biomass was greatest in the no mulch control when no fertilizer was added.  

Nassella biomass decreased or remained about the same with increasing nitrogen level in 

the no-mulch control and with wheat and blue wildrye straws.  The most pronounced 
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effect was that Nassella biomass increased with increasing nitrogen level with rice straw 

mulch, suggesting greater nitrogen availability than other mulches.   

The relative nitrogen content (% N) is an indication of the nutrient status of a 

plant and will be higher in plants growing in soils with greater available nitrogen.  Melica 

leaf tissue %N responded to type of mulch (P = 0.0497) and was greater in the rice straw 

treatment (1.64 + 0.14 %) (linear contrast P = 0.02) compared to the average of the other 

mulch types (1.44 + 0.07 %).  This result should be considered in light of an interaction 

between mulch type and the presence of weeds.  Tissue % N for Melica was similar for 

all mulch types in the presence of weeds.  However, in the absence of weeds, tissue % N 

was highest in rice straw, second highest in wheat straw and lowest in blue wildrye straw, 

i.e. the strength of the response of Melica tissue % N to weeds depended on the type of 

straw (interaction between mulch and weeds P = 0.02) (Figure 7).  

The response of Nassella tissue % N to mulch type was marginally insignificant  

(P = 0.08).  However, there was a tendency for Nassella tissue % N to be greater in rice 

straw than the average of wheat and blue wildrye (linear contrast P = 0.045) and lower in 

blue wildrye than the average of rice and wheat (linear contrast P = 0.036).  Carbon to 

nitrogen ratios (C:N) for Melica were affected by mulch type (P = 0.02), but marginally 

insignificantly for Nassella (P = 0.08).  Melica and Nassella C:N were greater with blue 

wildrye straw compared to the average of rice and wheat straws (linear contrast P = 0.026 

and 0.03, respectively) and lower in rice straw than the average of blue wildrye and 

wheat straws (linear contrast P = 0.0004 and 0.015, respectively).   

Melica tissue % N was greater in weeded than unweeded treatments (P = 0.0001 

and 0.006, respectively).  Similar to Melica, Nassella tissue % N was greater without 
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weeds than with weeds (P = 0.0001).  C:N for both species were greater in the presence 

of weeds than in their absence (P = 0.0001 for both).  

Nitrogen fertilizer had no significant effect on Melica and Nassella %N (P = 0.35 

and 0.42, respectively).  There was no effect of nitrogen fertilizer on C:N for either 

Melica or Nassella (P = 0.56 and 0.12, respectively). 

Weeds 

The amount of weed biomass produced depended upon the mulch treatment (P = 

0.04) (Table 5).  The biomass of weeds was higher in the no-mulch treatment than the 

average across the high-level mulch treatments (linear contrast P = 0.02).  The same but 

insignificant trend was detected for the no-mulch treatment and the average across all 

mulch treatments (linear contrast P = 0.07).  Weed biomass was significantly lower in 

rice mulch treatments than the average of the other types of mulch (linear contrast P = 

0.04).   

There were no differences in weed biomass between the low-level of rice straw 

compared to the average of the low-level of wheat and blue wildrye straw treatments 

(linear contrast P = 0.42), but there was significantly less weed biomass produced in the 

high-level rice straw plots compared to the average of the high-levels of other straw 

mulches (linear contrast P = 0.04).  Weed biomass was marginally greater in blue wildrye 

straw plots compared to the average of the wheat and rice straw plots (linear contrast P = 

0.05).  The biomass of weeds was lower in the no weed treatment  
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Figure 7.   The response of Melica percent nitrogen to weeds depended upon 
the mulch treatment. (mean + standarde error of the mean)

 

 
Table 5.  Biomass of weeds for mulch treatments.  Straw was applied at 3,000 
 lbs/acre for level 1 is and 5,000 lbs/acre for level 2. N is the number of samples. 
 

Mulch Type N Weed Biomass (g/m2) 

0 29 381.8 + 74.1 

Blue wildrye 1 29 368.8 + 74.9 

Blue wildrye 2 30 296.7 + 63.6 

Rice 1 30 324.5 + 62.1 

Rice 2 29 287.5 + 70.0 

Wheat 1 30 307.9 + 61.4 

Wheat 2 30 316.2 + 65.6 

 
 
 
(16.3 + 02.1 g/m2) compared to the plus weed treatment (626.7 + 26.7 g/m2) due to weed 

removal (P = 0.0001), indicating effective treatment application.  
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Mulch species 

We evaluated the biomass production by mulch species in their respective treatment plots 

(i.e. wheat, rice and blue wildrye plants that volunteered from seed in the straw).  

Different amounts of biomass were produced by the three mulch species (P = 0.0001) 

(Table 6).  No rice plants grew in the rice mulch plots whereas a moderate amount of 

wheat and blue wildrye grew in those respective mulch treatments.  Planned linear 

contrasts revealed the following: (1) the high-level mulch plots had greater biomass of 

mulch species than the no-mulch treatment (P = 0.0001), (2) the high-level of rice mulch 

had significantly less mulch biomass (i.e. rice) than the average of the other high- level 

mulch species had of their respective species (linear contrast P = 0.0001), and (3) the 

high-level of blue wildrye straw produced more biomass than the average of high-level 

treatments of other mulch types (P = 0.0001).  No other planned linear contrasts could be 

calculated. 

Table 6.  Biomass of volunteer plants from the respective mulch types for mulch treatments.  Straw was 
applied at 3,000 lbs/acre for level 1 is and 5,000 lbs/acre for level 2. N is the number of samples. 
 

Mulch Type N Mulch Biomass (g/m2) 

0 29 0 

Blue wildrye 1 29 41.1 + 6.7 

Blue wildrye 2 30 88.9 + 15.3 

Rice 1 28 0 

Rice 2 29 0 

Wheat 1 28 95.2 + 15.4 

Wheat 2 30 82.9 + 22.9 
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The response of mulch species to weeds depended on the mulch type.  For the no-

mulch treatment and both levels of rice straw, biomass of mulch species was zero for 

both weeded and unweeded treatments.  For both levels of wheat and blue wildrye straw, 

mulch species biomass was greatest when weeds were not present.  These responses 

resulted in a significant mulch by weed interaction (P = 0.047) (Figure 8).  This 

interaction did not cancel out the main effect of weeds on mulch biomass.  The amount of 

biomass produced by mulch species was greater when weeds were removed (56.8 + 9.6) 

than when weeds were present (32.3 + 5.1) (P = 0.01).  Mean biomass of blue wildrye 

from mulch was 75.0 + 9.4 g/m2, more than two and a half times as large as the seeded 

perennial grass mixture biomass.  
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Figure 8.  The response of mulch biomass to weeds depended upon 
the mulch treatment.  No mulch and both rice mulch lines are atop 
one another at 0. Means + standard error of the mean are plotted.

 

DISCUSSION 

Effects of compost 

Weeds were the only plants that grew larger with compost than without it 

regardless of whether or not mulch was applied.  The response of Nassella biomass to 

compost depended upon mulch treatment, and was greater with compost than without 

compost if mulch was not applied, but similar in both compost treatments when straw 

mulch was applied.  Adding mulch apparently eliminated the benefit of compost, which 

may have been due to competition from weeds that were in the straw mulch, 
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immobilization of nitrogen by microbes decomposing the straw, or phytotoxic 

compounds in the straw, or a combination of the three.  Since weed biomass was greatest 

in the no-mulch control, it is unlikely that weeds introduced with the straw competed 

with perennial grass seedlings more vigorously than those in the no-mulch treatment.  It 

is more probable that wheat straw resulted in lower nitrogen availability to plants due to 

immobilization by microbes decomposing the straw or that it had allelopathic effects on 

the seeded perennial grass seedlings. 

Effects of mulch  

Even though applying mulch only benefited the growth and establishment of 

Melica, the use of mulch in such plantings should not be abandoned.  One reason that we 

may not have detected a benefit for most species was the climatic conditions of the year.  

The distribution of rainfall events was very regular and so problems of soil crusting that 

may have been ameliorated by mulch were not evident.  Also, the benefits of mulches to 

seedling establishment, especially under dry and hot conditions has been shown in many 

cases (Rahman et al. 1997, Ewing 1997, Abrecht and Bristow 1996, Townend et al. 1996, 

Byard et al. 1996, Cavero et al. 1996, Kwon et al. 1995). 

Mulch suppressed weed growth.  Plots with mulch tended to have lower weed 

biomass, on average, than those without mulch.  The means in Table 5 show that weed 

biomass decreased with increasing mulch.  This suggests that mulch suppressed weeds 

and few weeds were introduced to the site in the straw.  Successful native grass 

restoration and revegetation depends on the use of weed free straw to minimize 

competition with weedy species. 
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Application of mulch may also have led to decreased nutrient availability.  

Nitrogen is immobilized by micro-organisms decomposing the straw, in particular fungi 

since the straw was not incorporated (Holland and Coleman 1987, Zink and Allen 1998). 

 Our data indicate that the nutrient status (i.e. % N) of the seeded perennial grasses was 

highest in rice mulch, lowest in blue wildrye mulch and intermediate in wheat mulch.  

This suggests that rice straw decomposed the most slowly, resulting in less nitrogen 

immobilization than the other straw species.  This nitrogen became available to the 

perennial grass seedlings as long as there were not weeds present to use it first (Figure 7). 

Another possible effect of mulches is suppression of perennial grass growth by 

phytotoxic compounds contained in the straw, or allelopathy (e.g. Jobidon et al. 1998a).  

If this mechanism of suppression were at work, we would expect perennial grass biomass 

or densities, or both, to be lower in mulch treatments than the no-mulch control.  Without 

nitrogen fertilizer, Nassella biomass and densities were slightly higher in the no-mulch 

control than the mulch treatments, but the effect disappeared when nitrogen was added 

(Figure 4).  In addition, some research has shown phytotoxic compounds from rice to be 

more active in the presence of fertilizer (Chou 1981), which could result in decreased 

plant growth with added fertilizer.  Instead, fertilizer tended to compensate for the 

negative effects of straw, suggesting alleviation of some of the nitrogen deficit caused by 

mulch.  Furthermore, rice straw appeared to stimulate perennial grass biomass at the 

high-level of nitrogen (Figure 4a).  Densities of the perennial grass mixtures tended to be 

higher in the no-mulch control than mulch treatments when weeds were removed, but this 

effect disappeared in the presence of weeds (Figure 3), suggesting competition for 

resources as a more important determinant of perennial grass success.  Melica performed 
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better and no perennial grass performed worse in mulch treatments than the no-mulch 

control.  Thus, our results do not suggest that the mulches had allelopathic effects on the 

perennial grasses. 

Effects of mulch type 

Perennial grasses performed best under rice straw.  Perennial grasses produced 

more biomass and had better nutrient status (i.e. higher %N and lower C:N) in the rice 

straw treatment than other mulch treatments. Weed biomass was lower in rice straw than 

other types of straw and no rice plants volunteered, minimizing competition.  These 

findings appear to be the result of interactions between the effects of mulches on weed 

growth and volunteers of the mulch species themselves, but may also be affected by the 

decomposition rates of the different types of straw.  Nitrogen from fertilizer may have 

been immobilized by micro-organisms breaking down more labile wheat and blue 

wildrye straw (Sarmah and Bordoloi 1994, Zink and Allen 1998).  Rice may be a more 

recalcitrant substrate (Nassar 1999) and less nitrogen may have been tied up in 

microorganisms making more available to the plants in rice mulch treatments.  However, 

tests of C:N rations in a range of organic materials in Uganda showed that rice had C:N 

of 20.7 (standard deviation 4.1) and wheat 22.4 (standard deviation  3.1) (Ilukor and 

Oluka 1995).  These values are not greatly different from one another and would 

probably not lead to differences in decomposition rates and nitrogen immobilization.  On 

the other hand, elevated silica content, which rice has compared to at least some grasses 

(Nassar 1999) or tough plant cell components such as lignin, could result in decreased 

decomposition rates and greater nutrient availability to plants with rice straw.  Lower 
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nitrogen immobilization by rice straw would explain the apparently stimulatory effect of 

rice straw on perennial grasses. 

In contrast to rice straw, perennial grasses performed worst with blue wildrye 

straw mulch.  This straw treatment had the greatest weed and mulch species amounts, 

creating the least favorable conditions for survival and growth of the seeded native 

perennial grasses.  This was reflected in lower biomass and poorer nutrient status (i.e. 

lower %N and higher C:N) for perennial grasses growing in this straw mulch treatment.  

Since blue wildrye is a native perennial grass, its success may be desirable.  Blue 

wildrye biomass was over two and a half times as great as the seeded perennial grass 

mixture.  This shows that successful stands of perennial grasses can be established simply 

by spreading perennial grass straw from which seed has been previously harvested.   

Effects of weeds  

Weeds generally had a negative effect on perennial grasses, although these 

responses often involved interactions with other factors we tested.  Generally, perennial 

grass biomass production was lower and nutrient status was worse (lower %N and higher 

C:N) in the presence of weeds.  Weed biomass was over ten-fold the biomass of seeded 

perennial grasses and revegetation efforts should attempt to minimize weed success. 

Response of mulch species to weed removal depended upon mulch type due to the 

differences between the amounts of each mulch species in its respective straw.  Mulch 

species biomass was greater in treatments without weeds for the straws that had 

significant volunteers of the mulch species (i.e. blue wildrye and wheat).  There was no 

difference in mulch biomass between unweeded and weeded plots of rice straw and the 
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no-mulch control because there were no volunteer rice plants from rice straw and no 

mulch species to measure in the control. 

Effects of fertilizer 

Fertilizer had remarkably little effect on the survival and growth of perennial 

grasses.  It is particularly interesting that fertilizer level did not affect nutrient status of 

perennial grasses while nutrient status was affected by mulch type.  Nitrogen fertilizer 

level was generally only significant in interactions with other factors (i.e. weeds and 

mulch).  We attribute the responses to fertilizer in part to differences between mulches in 

growth of weeds and volunteers of the straw species that competed with the seeded 

species for resources.   

Interaction between fertilizer and weeds   

Nitrogen fertilizer appeared to compensate for the competitive effects of weeds 

because perennial grass biomass was greater without weeds when only compost was 

added and about the same with and without weeds when both nitrogen fertilizer and 

compost were added.  The amount of fertilizer applied at this site, with the particular 

weed flora and inherent soil fertility, appeared to benefit the perennial grasses without 

affecting weed biomass significantly.  It should be noted that weeds produced more 

biomass with the addition of compost (128 kg N/ha) than without it, but further 

fertilization (15.5 and 31 kg N/ha) did not increase their growth.  Weeds were apparently 

able to reach their biomass production potential with the amount of nutrients from only 

the compost. 
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Interactions between mulch and weeds   

The use of nutrients by weeds and mulch species was the driving force behind the 

differences we found between mulches.  This is evident in the response of Poa biomass 

and Melica tissue %N to different mulches in the presence and absence of weeds.  Poa 

biomass tended to be greater with rice straw than other straw types.  Weeding made little 

difference in some mulch treatments, but Poa biomass increased when weeds were 

removed from the mulch treatments with the greatest amounts of weeds, i.e. blue wildrye 

and wheat straws.  When weeds were not present, nutrient status of Melica was best in 

rice straw (with no mulch species volunteers and least weed biomass), next best in wheat 

mulch (intermediate biomass from mulch species volunteers and weeds), and poorest in 

blue wildrye mulch (greatest biomass from mulch species volunteers and weeds) (Figure 

7, Table 5 and Table 6).     

 

CONCLUSIONS 

The performance of seeded native perennial grasses was determined by complex 

interactions between nutrient availability and competition from weeds and volunteer 

plants from the straw mulch.  Performance of perennial grasses in rice straw treatments 

exceeded that in other types of straw mulch by a large margin.  Weeds had important 

negative effects on the perennial grass mixtures and were most successful in plots with no 

or low levels of mulch.  The positive response of perennial grasses to rice straw mulch 

and poor performance in blue wildrye straw mulch was primarily due to differences in 

competition from weeds and volunteer mulch species.  In the presence of weeds, 
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perennial grasses benefited from the addition of a slow release nitrogen source with 

compost while weeds benefited from the addition of compost alone.   

 

RECOMMENDATIONS 

1.  Use rice straw because it is likely to have fewer weeds adapted to revegetation 

sites and rice plants are unlikely to volunteer in upland sites.  It may result in 

lower nitrogen immobilization than other types of straw.  All of these factors 

result in higher nutrient availability for the seeded species. 

2. Use native straw when establishment of the straw species is desired and if the 

straw is free of weeds. 

3. The performance of native perennial grasses with rice and other straw mulches on 

very low nutrient soils with varying nitrogen levels should be studied.  In these 

studies, plant nutrient status and available nutrients in the soil should be 

measured. 

4. Apply high carbon content, slow nitrogen release fertilizers to benefit grasses 

without giving weeds an even bigger advantage. 

5. Always use weed free straw 

 

ACKNOWLEDGEMENTS 

 We would like to thank the many people who made this experiment possible and 

participated in its success including John Haynes, Victor Claassen, John Anderson, Scott 

Stewart, Craig Schreiffer, Catherine Wardner, Marcia Haver and many others who 

maintained the weeding treatments. 



 

 105

 

LITERATURE CITED 

Abrecht, D.G., and K.L. Bristow. 1996. Coping with soil and climatic hazards during 
crop establishment in the semi-arid tropics. Australian Journal of Experimental 
Agriculture 36:971-983. 

 
Barnett, A.P., E.G. Diseker, and E.C. Richardson. 1967. Evaluation of mulching methods 

for erosion control on newly prepared and seeded highway backslopes. Agronomy 
Journal 59:83-85. 

 
Bautista, S., F. Bellot, and V. Ramon Vallejo. 1996. Mulching treatment for postfire soil 

conservation in a semiarid ecosystem. Arid Soil Research and Rehabilitation 
10:235-242. 

 
Brown, C.S., K.J. Rice, and V.P. Claassen. 1998. Competitive growth characteristics of 

native and exotic grasses.  Report number FHWA/CA/ESC-98/07, 222 pages.  
 
Byard, R., K.C. Lewis, and F. Montagnini. 1996. Leaf litter decomposition and mulch 

performance from mixed and monospecific plantations of native tree species in 
Costa Rica. Agriculture Ecosystems & Environment 58:145-155. 

 
Cavero, J., R.G. Ortega, and C. Zaragoza. 1996. Clear plastic mulch improved seedling 

emergence of direct-seeded pepper. Hortscience 31:70-73.  

Chapin, F.S. III, 1980. The mineral nutrition of wild plants. Annual Review of Ecological 
and Systematics 11:233-260. 

 
Chou, C.-H., Y.-C. Chiang, and H.H. Chfng. 1982. Autointoxication mechanism of Oriza 

sative III. Effect of temperature on phytotoxin production during rice straw 
decomposition in soil. Journal of Chemical Ecology 7:741-752. 

 
Claassen, V.P. and M.P. Hogan. 1998. Generation of water-stable soil aggregates for 

improved erosion control and revegetation success. Final Report to the California 
Department of Transportation, Report number FHWA-CA-TL 98/???. 

 
Claassen, V.P. and M. Marler. 1998. Annual and perennial grass growth on nitrogen-

depleted decomposed granite. Restoration Ecology 6:175-180. 
 
Clary, Jr., R.F. 1983. Planting techniques and materials for revegetation of California 

roadsides. California Department of Transportation. U.S.D.A. LPMC-2. 161 pp. 
 
Conover, W.J. and R.L. Iman. 1981. Rank transformations as a bridge between 

parametric and nonparametric statistics. The American Statistician 35:124-133.  



 

 106

Davidson, E. A.; Stark, J. M., and Firestone, M. K. 1990. Microbial production and 
consumption of nitrate in an annual grassland. Ecology. 71:1968-1975. 

Dudeck, A.E., N.P. Swanson, L.N. Mielke, and A.R. Dedrick. 1970. Mulches for grass 
establishment on fill slopes. Agronomy Journal 62:810-812. 

 
Dumas, J.B.A. 1831. Procédés de l'analyse organique. Ann. Chim. Phys. 2 47:198-213. 
 
Ewing, K. 1997. Soil modifications to establish native prairie plants on a capped landfill. 

Supplement to the Bulletin of the Ecological Society of America 78:86. 
 
Frey, S.D., E.T. Elliott, K. Paustian, G.A. Peterson. 2000. Fungal translocation as a 

mechanism for soil nitrogen inputs to surface residue decomposition in a no-
tillage agroecosystem. Soil Biology and Biochemistry 32: 689-698. 

 
Gupta, S.C., W.E. Larsen, and R.R. Allmaras. 1984. Predicting soil temperature and soil 

heat flux under different tillage-surface residue conditions. Soil Science Society 
of America Journal 48:223-232. 

 
Hart, S.C., M.K. Firestone, E.A. Paul, and J.L. Smith. 1993. Flow and fate of soil 

nitrogen in an annual grassland and a young mixed-conifer forest. Soil Biology 
and Biochemistry 25:431-442. 

 
Holland, E. A. and D. C. Coleman. 1987. Litter placement effects on microbial and 

organic matter dynamics in an agroecosystem. Ecology 68:425-433. 
 
Hora, S.C. and W.J. Conover. 1984. The F statistic in the two-way layout with rank-score 

transformed data. Journal of the American Statistical Association 79:668-673. 
 
Ilukor, J. O., S. O. Oluka. 1995. Carbont-to-Nitrogen rations in agricultural residues.  

Environmental Monitoring and Assessment 38:271-275. 
 
Iman, R.L., S.C. Hora, and W.J. Conover. 1984 Comparison of asymptotically 

distribution-free procedures for the analysis of complete blocks. Journal of the 
American Statistical Association 79:674-685. 

 
Jackson, L. E., R. B. Strauss, M. K. Firestone, and J. W. Bartolome. 1988. Plant and soil 

nitrogen dynamics in California annual grassland. Plant and Soil. 110:9-17. 

Jobidon, R., J.R. Thibault, and J.A. Fortin. 1989a. Phytotoxic effect of barley, oat, and 
wheat-straw mulches in eastern Quebec forest plantations 1. Effects on red 
raspberry (Rubus idaeus). Forest Ecology and Management 29:277-294. 

 



 

 107

Jobidon, R., J.R. Thibault, and J.A. Fortin. 1989b. Effect of straw residues on black 
spruce seedling growth and mineral nutrition, under greenhouse conditions. 
Canadian Journal of Forestry Research 19:1291-1293.  

Kay, B. L. 1978. Mulches for erosion control and plant establishments on disturbed sites. 
Agronomy Progress Report University of California, Agricultural Experiment 
Station and Cooperative Extension, Davis California. 

 
Kwon, T.R. S.K. Kim, G.G. Min, J.H. Jo, S.P. Lee, and B.S. Choi. 1995. Seed 

germination of Aralia cordata Thunb. and effect of mulching methods on yield 
and blanching. Journal of the Korean Society for Horticultureal Science 36:620-
627. 

 
Morgan, J.P. 1994. Soil impoverishment. Restoration and Management Notes 12:55-56. 
 
Meyer, L.D., W.H. Wischmeier, and G.R. Foster. 1970. Proceedings of the Soil Science 

Society of America 34:928-931. 
 
Nassar, M. M. 1999. Thermal analysis kinetics of bagasse and rice straw. Energey 

Sources 21:131-137. 
 
Olofsdotter, M., D. Navarez, and K. Moody. 1995. Allelopathic potential in rice (Oriza 

sativa L.) germplasm. Annals of Applied Biology 127:543-561. 
 
Osborn, B. 1954. Effectiveness of cover in reducing soil splash by raindrop impact. 

Journal of Soil and Water Conservation 9:70-76. 
 
Owenby, J.R.  and D. S. Ezell. 1992. Climatography of the United States No. 81 Monthly 

Station Normals of Temperature, Precipitation, Heating and Cooling Degree Days 
1961-90 California. National Oceanic and Atmospheric Administration National 
Climatic Data Center, Asheville, North Carolina. 

 
Phillips, R.E., and S.H. Phillips. 1984. No-tillage agriculture: principles and practices. 

Van Nostrand Reinhold, New York, New York, USA. 
 
Pirie, W.R. and W.L. Rauch. 1984. Simulated efficiencies of tests and estimators rom 

general linear models analysis based on ranks: the two-way layout with 
interaction. Journal of Statistical Computer Simulation 20:197-204. 

 
Pal, D. and F.E. Broadbent. Kinetics of rice straw decomposition in soils. 1975. Journal 

of Environmental Quality 4:256-260. 
 
Rahman, S.M.L., S.K. Roy, A.B.M. Salahuddin. 1997. Effect of sowing method on stand 

establishment and growth of gram (Cicer arietinum) in Barind tract of 
Bangladesh. Indian Journal of Agronomy 42:333-337. 



 

 108

 
Reever Morghan, K.J. and T.R. Seastedt. 1999. Effects of soil nitrogen reduction on 

nonnative plants in restored grasslands. Restoration Ecology 7:51-55. 
 
Reisenaur, H.M. 1964. Mineral nutrients in soil solution. In P.L. Altan and D.S. Dittmer, 

Eds. Environmental Biology. Fed. Am. Soc. Exp. Biol. Bethesda, Md. pp. 507-
508. 

 
Sarmah, A. C., and P. K. Bordoloi. 1994. Decomposition of organic matter in soils in 

relation to mineralization of carbon and nutrient availability. Journal of the Indian 
Society of Soil Science 42:199-203. 

 
Seaman, J.W., Jr., S.C. Walls, S.E. Wise, and R.G. Jaeger. 1994. Caveat emptor: rank 

transform methods and interaction. Trends in Evolution and Ecology 9:261-263. 
 
Singer, M.J., and D.N. Munns. 1987. Soils: An Introduction. Macmillan Publishing 

Company New York, New York. pp. 149-151. 
 
Townend, J., P. W. Mtakwa, C. E. Mullins, L. P. Simmonds. 1996. Soil physical factors 

limiting establishment of sorghum and cowpea in two contrasting soil types in the 
semi-arid tropics. Soil and Tillage Research 40:89-106. 

 
Wilson, S.D. and A.K. Gerry. 1995. Strategies for mixed-grass prairie restoration: 

herbicide, tilling and nitrogen manipulation. Restoration Ecology 3:290-298. 
 
Zink, T.A. and M.F. Allen. 1998. The effects of organic amendments on the restoration 

of a disturbed coastal sage scrub habitat. Restoration Ecology 6:52-58. 



 109  

Photo1 – Aerial photograph of experiment site with experimental area outlined in black. 

 
Photo 2 – Spreading straw mulch on treatment plots by hand 

 
 
 
Photo 3 – The experiment after being all treatments were applied 22 October 1997 
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Photo 4 - 20 November 1997 after germination from southeast corner 

 
 
 
Photo 5 - 11 November 1998 from northern side  

 
 
Photo 6 - No mulch control (11/20/97) Photo 7 - High-level wheat straw (11/20/97) 
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Photo 8 - No compost, no nitrogen, no mulch, with weeds on right, without weeds on left 

 
Photo 9 - No compost, no nitrogen, low-level wheat, with weeds right, without weeds left 

 
Photo 10 - With compost, no nitrogen, no mulch, with weeds right, without weeds left 
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Photo 11  - With compost, no nitrogen, low-level wheat mulch, with weeds right, without 
weeds left 

 
Photo 12 - With compost, no nitrogen, low-level blue wildrye mulch, with weeds on 
right, without weeds on left 

 
 
 
Photo 13 - With compost, no nitrogen, low-level rice mulch, with weeds right, without 
weeds left 
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Photo 14 – With compost, low-level nitrogen, low-level wheat mulch, with weeds right, 
without weeds left 
 

 
 
Photo 15 – With compost, low-level nitrogen, low level blue wildrye mulch, with weeds 
right, without weeds left 
 
 

 
 
 
Photo 16 – With compost, low-level nitrogen, low-level rice mulch, with weeds right, 
without weeds left 
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Photo - 17 With compost, high-level nitrogen, high-level wheat mulch, with weeds left, 
without weeds right 

 
 
 
Photo18 – With compost, high-level nitrogen, high-level blue wildrye mulch, with weeds 
left, without weeds right 

 
 
Photo 19 - With compost, high-level nitrogen, high-level rice mulch, with weeds left, 
without weeds right 
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IMPLEMENTATION 

 Implementation of the results of this project within the California Department of 

Transportation will be accomplished by sending a copy of the final report to the District Deputy 

Directors of Project Development, District Landscape Architects and Environmental Offices.  

Additional copies of the final report will be made available from the Caltrans Publication Unit.  

The availability of the report will be advertised in professional and trade journals. 

 Findings from this research have already changed Caltrans erosion control specifications 

by eliminating weed-contaminated straw and encouraging the use of rice straw.  The 

specifications have also been changed to ensure native grass straw is available when it is 

specified. 

 

CONCLUSIONS AND RECOMMENDATIONS 

 Based on our experimental results and the findings of others, it is clearly very important 

to consider the compactibility of the soils on a revegetation site before selecting soil preparation 

and seeding methods.  First, it should be determined whether a compacted layer exists and 

whether the soil texture, structure and moisture content are conducive to compaction.  Second, 

the feasibility of available seeding methods should be evaluated.  When conditions allow the use 

of a seed drill, our results suggest that this method may be most efficient.  Broadcast seeding 

may be nearly as effective but will require more labor if performed by hand than drill seeding or 

hydroseeding.  If hydoseeding is the most practical option (e.g. due to steep slopes or wet soil), 

our results suggest that at least 25% greater seeding rates should be used and soil should be 

decompacted (if warranted) for plant growth levels to equal those of drill or broadcast seeding. 
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The performance of seeded native perennial grasses was determined by complex 

interactions between nutrient availability and competition from weeds and volunteer plants from 

the straw mulch.  Performance of perennial grasses in rice straw treatments exceeded that in 

other types of straw mulch by a large margin.  Weeds that were introduced in the straw had 

important negative effects on the perennial grass mixtures.  The positive response of perennial 

grasses to rice straw mulch and poor performance in blue wildrye straw mulch was primarily 

due to differences in competition from weeds and volunteer mulch species.  Slower 

decomposition rates of rice straw may also have been a factor in this response.  In the presence 

of weeds, perennial grasses benefited from the addition of slow release nitrogen source with 

compost while weeds benefited from the addition of compost alone.   

1.  Use rice straw because it is likely to have fewer weeds adapted to revegetation sites, 

rice plants are unlikely to volunteer and it has a slow decomposition rate.  All of these factors 

result in higher nutrient availability for the seeded species. 

2.  Use native straw when the straw species is desirable and if the straw is free of 

weeds. 

3.  The performance of native perennial grasses with rice and other straw mulches on 

very low nutrient soils with varying nitrogen levels should be studied.  In these studies, plant 

nutrient status and available nutrients in the soil should be measured. 

4.  Apply high carbon content and slow nitrogen release fertilizers. 

5.  Use weed free straw 



 

 117

 The use of pre-emergence herbicides improved the performance of native perennial 

grasses and reduced the success of species that were not planted in an unreplicated 

comparison.  The mowing treatment neither benefited the seeded grasses nor reduced the cover 

of weeds, although we cannot broadly apply our conclusions due to lack of replication and low 

statistical power.  More work needs to be done in order to understand how pre-emergence and 

post-emergence herbicides and well-timed mowing can be used as tools for management of 

perennial grasses as seedlings.   

 There is still a tremendous need to develop cultural practices for long-term management 

of perennial grasses on roadsides.  The results of this experiment would have provided some 

good basic information to help fill the gaps in our knowledge about management of perennial 

grass stands after initial establishment had the experiment been executed as designed.  A similar 

experiment should be conducted in the future.  In order to avoid the difficulties experienced in 

the current experiment, someone with detailed knowledge of the experimental design and 

rationale should be present at the time of treatment application to confirm treatment locations 

and levels.   Independent contractors might be hired to perform all soil preparation, seeding and 

maintenance activities.  However, this would eliminate the benefits afforded Caltrans 

maintenance personnel through direct participation in these activities.  The involvement of 

Department of Transportation personnel, at the minimum as advisors, is essential.  The 

relevance of experimental treatments (e.g. specifications for herbicide use) will suffer without 

their input and advice.  However, they should not be expected to apply the treatments or collect 

the data, unless these activities are recognized as part of their normal workload and 

responsibilities and are treated that way by their supervisors.  We strongly believe that the 
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relevance of the questions addressed and the information learned through any experiment will be 

transferred into practice most efficiently when Department of Transportation personnel who 

would utilize the methods tested are intellectually and physically involved in development and 

execution of the experiment.    

 Overall, these experiments have provided a great deal of information that will improve 

the methods of establishment and growth of native perennial grasses for erosion control 

plantings.  More work remains to be done on soils of different textures and fertility and long-

term management methods still need to be tested. 
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Appendix 1 
Project Site Map 

Assigned treatments and seed application dates and methods are indicated. 
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Appendix 2 
Original Erosion Control Specifications 
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Appendix 3 
Final Seeding Rates and Materials Specifications  

 
 

Nature’s Own Fiber 
800 lbs/acre 19-23 December 1996, 1500 lb/acre 9 and 10 January 1997 

6-20-0 fertilizer 
200 lbs/acre all dates 

Fisch-Stik Stabilizing Emulsion 
100 lb/acre applied only on plots seeded 9 and 10 January 1997 
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Appendix 4 
Dissemination of Results 

List of Presentations and Publications 
 
C. S. Brown and K. J. Rice. Effects of compost, slow-release nitrogen fertilizer and straw mulch 

on establishment of California native perennial grasses. California Society for Ecological 
Restoration Seventh Annual Conference, University of California, Santa Barbara, 
California, October 26-29, 2000. 

C. S. Brown. Effects of straw mulch, nitrogen fertilizer and compost on establishment of 
California native perennial grasses. Ecological Society of America, Snowbird, Utah, 
August 6-10, 2000. 

C. S. Brown, K. J. Rice and V. Claassen. The effects of soil amendments and mulches on 
establishment of California native perennial grasses: a summary of selected results. 
Grasslands 10:1-17 (2000).  

C. S. Brown. Using basic research to improve applied results in California grassland restoration. 
Society for Ecological Restoration Annual International Conference, San Francisco, 
California, September 23-25, 1999. 
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Appendix 5 

Demonstration Description 
 One of the aims of this project was to provide examples of California native species and 

mixtures that may prove to be useful erosion control materials.   In order to do this, we planted 

22 individual species and four mixtures in separate plots.  These species and mixtures are listed 

in the Seeding Rate Specifications Appendix 3.  Locations of the plots can be found in the Site 

Map in Appendix 1.   

There was one change to the Seeding Rate Specifications.  Poa compressa was not 

included in the fine leaf fescue mix but was one of the individual species planted.  Plots were 

seeded either with the Truax Flex II Grass Drill or by hand broadcasting without incorporation.  

Plots were covered with a mixture of fiber, fertilizer and (800 lbs/acre fiber, 200 lbs/acre 

16:20:0 fertilizer).   

 Caltrans personnel qualitatively evaluated these demonstration plots, but not in a 

systematic manner.  Establishment of most species was apparently poor due to flooding at the 

time of seeding, so fair comparisons or evaluations cannot be made.  The legume Lotus 

purshianus performed satisfactorily in at least one plot. 



GENERAL DISCLAIMER

This document may have problems that one or more of the
following disclaimer statements refer to:

! This document has been reproduced from the best copy furnished
by the sponsoring agency. It is being released in the interest of
making available as much information as possible.

! This document may contain data which exceeds the sheet
parameters. It was furnished in this condition by the sponsoring
agency and is the best copy available.

! This document may contain tone-on-tone or color graphs, charts
and/or pictures which have been reproduced in black and white.

! This document is paginated as submitted by the original source.

! Portions of this document are not fully legible due to the historical
nature of some of the material. However, it is the best reproduction
available from the original submission.


	GENERAL DISCLAIMER.pdf
	GENERAL DISCLAIMER


